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1  Executive  SumiriEiry 


In  this  Final  Technical  Report,  the  first  theoretical  and  experimental  in¬ 
vestigations  are  presented  for  a  Photonic  Synthesizer  of  radio  frequency 
(RF)  signals,  previously  proposed  by  the  principal  investigator  of  this  study 
[1].  The  Photonic  Synthesizer  utilizes  a  novel  technique  for  RF  opti¬ 
cal  heterodyne  signal  generation  with  high  phase  stability  from  near-DC 
through  sub-millimeter-wave  frequencies  by  the  process  of  injection-locking 
two  independently-tunable  continuous- wave  (CW)  distributed-feedback  (DFB) 
semiconductor  laser  diodes  to  the  individual  modes  of  the  optical  frequency 
comb  generated  by  an  actively  mode-locked  reference  laser.  The  program 
goals  to  analyze  and  demonstrate  the  Photonic  Synthesizer  proof-of-concept 
were  met,  and  performance  goals  for  frequency  range  and  phase  noise  were 
exceeded.  In  addition,  a  set  of  experiments  was  conducted  that  demon¬ 
strated  an  application  of  the  Photonic  Synthesizer  as  an  optical  local  oscil¬ 
lator  in  a  photonic  RF  frequency-converting  fiber  optic  link  at  frequencies 
from  1  GHz  to  94  GHz.  This  represents  the  widest  frequency-range  demon¬ 
stration  of  RF  photonic  frequency  conversion  to  date. 

We  first  performed  a  systematic  investigation  to  demonstrate  the  theoret¬ 
ical  and  experimental  validity  of  the  proposed  photonic  synthesis  approach. 
First,  we  theoretically  analyzed  the  optical  injection-locking  technique,  es¬ 
tablishing  the  locking  conditions  and  stability  for  the  DFB  lasers  in  terms  of 
parameters  such  as  the  ratio  of  injected  optical  power  to  DFB  output  power, 
injection-locking  frequency  range,  and  laser  linewidth.  We  then  performed 
experiments  to  validate  our  theoretical  analysis.  We  worked  closely  with 
a  subcontractor  (Sarnoff)  to  design  and  fabricate  novel  high-power  DFB 
laser  diode  chips  with  low  noise  and  narrow  linewidth,  and  to  design  and 
construct  an  actively  mode-locked  external  cavity  semiconductor  laser.  We 
characterized  the  lasers  and  then  constructed  a  bench-top  demonstration 
test  bed  of  the  Photonic  Synthesizer  and  performed  a  successful  concept 
demonstration  that  served  to  validate  the  theoretical  predictions.  We  also 
demonstrated  the  Photonic  Synthesizer  using  an  actively  mode-locked  fiber 
ring  laser  (Pritel)  based  on  Erbium/Ytterbium  co-doped  fiber. 

After  performing  the  theoretical  analysis  and  bench  demonstration,  our 
activity  focused  on  the  design  and  construction  of  a  deliverable  packaged 
Photonic  Synthesizer  system  in  a  series  of  standard  19”  rack-mountable  en¬ 
closures.  The  final  hardware  consisted  of  the  Photonic  Synthesizer,  mode- 
locked  fiber  laser,  a  monitor  module,  laser  diode  controller,  1  GHz  reference 
source,  and  a  notebook  computer  and  custom  software  to  control  the  syn¬ 
thesizer. 
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Using  the  fiber  ring  mode-locked  laser,  high-quality  microwave  signals 
were  generated  from  1  GHz  to  94  GHz,  with  phase  noise  less  than  -90  dBc 
at  10  kHz  from  a  50  GHz  carrier.  The  phase  noise  from  the  Photonic  Syn¬ 
thesizer  was  measured  to  be  15  to  20  dB  lower  than  that  of  a  commercially- 
available  state-of-the-art  10  MHz  to  50  GHz  microwave  synthesizer.  The 
original  goal  of  the  program  was  to  demonstrate  phase  noise  performance 
comparable  to  a  commercial  wideband  synthesizer  at  frequencies  from  1 
GHz  to  50  GHz;  this  goal  was  exceeded  by  approximately  20  dB  over  the 
frequency  range  from  1  GHz  to  94  GHz. 

Finally,  having  achieved  or  exceeded  the  original  program  goals,  we  pro¬ 
ceeded  to  demonstrate  an  RF  photonic  systems  application  of  the  Photonic 
Synthesizer  in  a  millimeter- wave  photonic  frequency  converting  link.  Signals 
from  60  GHz  to  94  GHz  were  converted  to  frequencies  less  than  50  GHz  in 
a  single  stage  conversion  using  the  Photonic  Synthesizer  as  an  optical  lo¬ 
cal  oscillator  that  fed  a  wideband  optical  modulator  operated  as  a  photonic 
mixer.  We  believe  this  to  be  the  widest  bandwidth  demonstration  to  date 
of  an  RF  frequency  converting  fiber  optic  link. 

In  summary,  the  Photonic  Synthesizer  concept  was  theoretically  mod¬ 
eled  and  experimentally  demonstrated.  Measured  performance  was  in  good 
agreement  with  the  theoretical  expectations.  While  these  results  serve  to 
validate  the  Photonic  Synthesizer  concept,  further  work  remains  to  minia¬ 
turize  the  mode-locked  laser  and  the  core  optical  section  of  the  Photonic 
Synthesizer  as  an  optical  integrated  circuit  in  packaging  suitable  for  mili¬ 
tary  applications.  This  activity  will  require  the  development  of  novel  ap¬ 
proaches  to  optical  integrated  circuit  (OIC)  fabrication  to  combine  multiple 
lasers,  modulators,  waveguides,  optical  gain  elements,  and  a  mode-locked 
laser  onto  a  single  OIC.  The  Photonic  Synthesizer  represents  a  truly  novel 
low  phase  noise  optical  local  oscillator  over  the  frequency  range  from  1  GHz 
to  100  GHz  that  will  enable  the  use  of  wideband  photonic  frequency  con¬ 
verting  links,  which  are  expected  to  benefit  many  military  and  commercial 
applications  at  microwave  and  millimeter  wave  frequencies. 

The  authors  wish  to  dedicate  this  work  to  the  memory  of  the  late  Mr. 
Brian  Hendrickson  of  DARPA,  who  initiated  the  funding  for  this  research 
program  at  DARPA,  but  unfortunately  passed  away  shortly  after  the  pro¬ 
gram  was  started.  His  early  and  constant  encouragement  and  generous 
support  of  this  work  are  warmly  appreciated.  His  friendship,  technical  in¬ 
sight,  dedication,  and  leadership  in  developing  RF  photonic  technology  are 
deeply  felt  losses.  We  would  like  to  believe  he  would  have  been  pleased  with 
the  results  reported  here. 
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at  Sarnoff  (Joseph  Abeles  and  John  Connolly)  and  Pritel  (K.V.  Reddy). 
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2  Introduction 

2.1  Background  and  Applications  of  the  Photonic  Synthe¬ 
sizer 

Optical  techniques  for  microwave  signal  generation,  distribution,  and  pro¬ 
cessing  have  attracted  much  interest  in  antenna-remoting,  phased-array  an¬ 
tenna  beamforming,  optical-microwave  communication  links,  frequency  con¬ 
verting  fiber  optic  links,  radio  astronomy,  and  coherent  communication  sys¬ 
tems.  They  also  find  applications  in  spectroscopy,  atomic  physics,  metrol¬ 
ogy,  and  interferometry.  A  stable  optical  heterodyne  signal  generator  would 
benefit  many  RF  systems.  Such  a  Photonic  Synthesizer  would  be  the  opti¬ 
cal  equivalent  of  the  traditional  electronic  frequency  synthesizers  employed 
in  RF  electronic  systems,  which  would  allow  the  use  of  optical  heterodyne 
techniques  in  the  processing  of  RF,  microwave,  and  millimeter-wave  signals 
using  optical  components  instead  of  electronic  components.  This  would  al¬ 
low  fuller  advantage  to  be  taken  of  the  inherently  large  RF  bandwidth  of 
optical  fiber  and  optical  components  such  as  couplers,  isolators,  switches, 
attenuators,  delay-lines,  and  optical  amplifiers. 

One  obvious  use  of  a  heterodyne  synthesizer  is  as  a  source  of  high- 
frequency  local  oscillator  (LO)  signals  for  distribution  over  an  optical  fiber 
network  to  multiple  locations  in  a  microwave  or  millimeter-wave  system, 
such  as  a  phased-array  antenna.  This  would  eliminate  the  need  to  generate 
high-frequency  millimeter-wave  LO  signals  from  lower-frequency  reference 
sources  to  drive  down-convertors  in  the  front-end  areas  of  microwave  and 
millimeter-wave  antennas.  The  optical  fiber  medium  has  extremely  low  loss 
(<0.5  dB/km),  so  the  signals  could  be  distributed  over  tens  of  kilometers, 
and  longer-distance  distribution  is  possible  using  optical  amplifiers.  Also, 
a  fiber-optic  frequency  distribution  system  offers  extremely  high  electrical 
isolation  between  outputs,  so  that  elements  in  the  network  can  be  added  or 
subtracted  without  causing  phase  perturbations  throughout  the  rest  of  the 
network. 

Another  promising  application  of  the  Photonic  Synthesizer  is  as  the  opti¬ 
cal  LO  source  for  a  photonic  RF  frequency  converting  system  [4,  5,  6,  8].  In 
one  embodiment  of  a  photonic  frequency  converting  system,  the  heterodyne 
optical  signal  is  used  as  the  optical  input  to  an  intensity  modulator  that  is 
driven  by  a  microwave  or  millimeter- wave  electrical  input  signal.  The  op¬ 
tical  modulator  multiplies  the  optical  heterodyne  signal  with  the  electrical 
input  signal,  so  that  upon  photodetection,  the  sum  and  difference  frequen¬ 
cies  between  the  electrical  input  and  optical  input  signals  are  generated  as 
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photocurrents.  It  has  been  shown  theoretically  and  experimentally  that  the 
conversion  loss  of  the  heterodyne  up-converted  or  down-converted  signal  is 
-6  dB  compared  to  the  unconverted  RF  signal  [1,  4,  8].  The  photonic  fre¬ 
quency  conversion  system  concept  can  potentially  reduce  the  complexity  of 
microwave  and  millimeter- wave  systems,  by  eliminating  much  of  the  equip¬ 
ment  required  in  the  front-end  area  near  the  antenna  aperture.  A  stable 
heterodyne  optical  source,  such  as  the  Photonic  Synthesizer  proposed  here, 
is  required  to  make  the  technique  practical. 

Optical  heterodyne  signals  also  find  important  applications  in  basic  and 
applied  research  in  many  areas  of  spectroscopy  and  atomic  physics  [10]. 
Stimulated  Raman  transitions  between  two  ground-states  of  atomic  hyper- 
fine  levels  have  recently  been  used  for  atomic  velocity  selection  and  cooling  at 
subrecoil  temperatures  [9] ,  and  have  also  been  used  for  coherent  wave-packet 
manipulation  in  an  atom  interferometer.  Achieving  these  stimulated  Ra¬ 
man  transitions  requires  two  counterpropagating  frequency-stabilized  laser 
beams  detuned  from  an  optical  resonance  by  the  RF  hyperfine  splitting  fre¬ 
quency.  The  absolute  linewidth  of  the  laser  is  not  important,  but  the  relative 
linewidth  of  the  two  lasers  must  be  small  enough  to  drive  coherent  processes. 
For  example,  to  use  microwave  signals  to  manipulate  cesium  atomic  wave 
packets,  an  optical  heterodyne  system  at  a  frequency  offset  of  9.2  GHz,  the 
cesium  clock  frequency,  is  required. 

Generation  of  RF  optical  heterodyne  signals  with  low  RF  phase  noise  is 
non-trivial.  Typically,  an  electronic  phase-locked-loop  (PLL)  is  required  to 
keep  the  optical  heterodyne  beat  locked  to  an  external  reference  frequency. 
Without  a  feedback  loop,  the  instantaneous  linewidth  of  the  millimeter- 
wave  beat  frequency  generated  by  optical  heterodyning  is  on  the  order  of 
the  individual  laser  linewidths,  which  are  typically  5-10  kHz  if  Nd:YAG 
solid  state  lasers  are  used,  and  1-10  MHz  if  DFB  semiconductor  lasers 
are  used.  This  linewidth  is  three  to  six  orders  of  magnitude  larger  than 
what  is  achievable  by  frequency  multiplication  of  an  electronic  reference  into 
the  microwave  frequency  range.  Also,  slow  frequency  drifts  of  the  absolute 
frequencies  of  the  lasers  ranging  from  several  MHz  to  more  than  1  GHz  are 
superimposed  on  the  instantaneous  quantum-limited  linewidth. 

Previously,  low-phase-noise  heterodyne  optical  microwave  and  millimeter- 
wave  signals  have  been  generated  by  the  process  of  heterodyne  detection 
of  the  combined  outputs  of  two  single-frequency  solid-state  lasers  with  an 
optical  frequency  offset  equal  to  the  desired  millimeter-wave  signal.  To  ob¬ 
tain  low  phase  noise  at  millimeter- wave  frequencies,  the  feedback  system 
requires  a  millimeter- wave  electronic  reference  oscillator,  millimeter- wave 
photodiode,  amplifier,  and  phase  detector.  The  frequency  tuning  range  of 
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the  lasers  is  typically  much  less  than  100  GHz,  and  the  actual  heterodyne 
frequency  locking  range  in  which  low-phase-noise  operation  may  be  obtained 
is  typically  limited  to  a  much  smaller  range  of  frequencies  by  the  electronic 
components  in  this  control  loop.  Because  of  the  difficulty  of  realizing  a 
wideband  PLL  for  microwave  through  millimeter-wave  optical  heterodyne 
generation,  this  technique  has  remained  mostly  a  laboratory  curiosity  and 
is  not  widely  employed  in  RF  photonic  systems  applications. 

Others  have  demonstrated  injection-locking  of  independent  laser  diodes 
to  a  master  laser  diode  that  is  injection-modulated  to  produce  sidebands  at 
harmonics  of  the  modulation  frequency.  [2, 10, 15]  Injection  locking  of  a  CW 
laser  to  an  optical  comb  was  previously  investigated  as  a  way  to  generate 
an  extremely  narrow  channel  spacing  frequency-division-multiplexed  (FDM) 
coherent  optical  communications  system  [14].  In  these  experiments,  AM 
modulation  was  used  to  generate  optical  sidebands  on  a  master  laser,  and 
optical  injection  locking  was  used  to  lock  to  these  sidebands.  However, 
the  Photonic  Synthesizer  technique  improves  upon  these  earlier  approaches, 
since  the  mode-locked  laser  provides  an  optical  reference-frequency  comb 
that  spans  a  much  wider  range  of  frequencies  with  lower  linewidth.  This 
permits  heterodyne  signal  generation  over  a  wider  frequency  range  with 
lower  phase  noise  than  previous  techniques. 

2.2  Overview  of  Photonic  Synthesizer  Operation 

High  phase  stability  is  achieved  in  the  Photonic  Synthesizer  by  combining 
the  outputs  of  two  independently  tunable  "slave”  lasers  that  are  injection- 
locked  to  different  optical  modes  of  a  "master”  optical  comb  generated  by 
an  actively  mode-locked  laser.  The  slave  lasers  act  as  tunable  narrow-band 
optical  filters  that  pick  out  two  modes  of  the  reference  frequency  comb  to 
produce  a  heterodyne  output  signal  with  very  low  phase  noise.  This  tech¬ 
nique  transfers  the  frequency  multiplication  problem  into  the  optical  do¬ 
main,  so  that  heterodyne  beat  frequencies  ranging  from  near-DC  to  greater 
that  100  GHz  can  be  generated  from  a  low-frequency  electronic  reference 
oscillator  in  a  single  compact  system,  approaching  the  theoretical  minimum 
201og(n)  multiplication  scaling  law  for  phase  noise.  This  eliminates  the  need 
for  the  complicated  high-frequency  electronic  phase-locked-loops  required  by 
previous  heterodyne  signal  generation  techniques. 

The  mode-locked  laser  functions  as  an  optical  frequency  reference  that 
also  performs  the  frequency-multiplication  function  in  the  optical  domain. 
In  the  experimental  system  built  and  studied  in  this  work,  the  mode-locked 
laser  is  driven  by  a  low  phase  noise  RF  oscillator  at  1  GHz.  Therefore,  the 
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optical  mode  spacing  of  the  reference  comb  is  1  GHz. 

The  operation  of  the  mode-locked  laser  can  be  understood  as  follows:  In 
the  absence  of  an  electrical  mode-locking  input  signal,  the  laser  will  operate 
in  multiple  longitudinal  cavity  modes  with  random  phases  between  them. 
When  a  strong  modulation  of  the  gain  from  an  external  RF  source  is  applied 
with  frequency  equal  to  the  longitudinal  cavity  mode  spacing,  or  a  harmonic 
thereof,  the  previously  randomly-fluctuating  modes  become  phase-locked 
to  each  other.  Each  optical  mode  of  the  laser  acquires  sidebands  due  to 
the  electrical  modulation  signal.  When  the  frequency  of  the  modulation 
signal  equals  the  cavity  mode  spacing,  the  modulation  sidebands  mutually 
injection-lock  the  neighboring  optical  modes,  causing  all  of  the  modes  to 
establish  a  fixed  phase  relation  between  them.  In  this  condition,  the  phase- 
locked  modes  cause  the  time-domain  output  to  be  a  train  of  short  pulses 
at  a  repetition  rate  equal  to  the  mode-locking  frequency.  The  width  of  the 
pulses  is  determined  by  the  number  of  modes  locked.  Sub-picosecond  pulses 
can  be  produced  with  mode-locked  lasers,  which  requires  that  the  locked 
optical  modes  span  more  than  1000  GHz  of  optical  bandwidth. 

For  the  Photonic  Synthesizer,  the  phase  of  the  detected  RF  heterodyne 
beat  is  determined  only  by  the  relative  pheises  between  the  heterodyne  fre¬ 
quencies.  In  the  mode-locked  laser,  the  relative  phase  between  optical  modes 
i  and  i-hm  is  equal  to  m-times  the  RF  driving  phase  fluctuation  [11,  12,  13]. 
There  is  also  residual  phase  noise  due  to  spontaneous  emission,  but  our 
analysis  indicates  that  it  is  generally  very  small  compared  with  the  phase 
noise  of  the  RF  drive  signal,  if  the  detuning  between  the  RF  frequency  and 
mode-locked  laser  mode  spacing  is  small.  However,  the  residual  phase  noise 
could  become  significant  and  even  larger  than  the  RF  source  phase  noise  if 
the  mode-locked  laser  is  not  properly  locked.  To  obtain  the  lowest  resid¬ 
ual  phase  noise,  in  practice  the  mode  locked  laser  cavity  must  be  carefully 
stabilized  to  minimize  any  cavity  fluctuation  with  respect  to  the  RF  drive 
frequency  due  to  temperature  fluctuations,  mechanical  vibrations,  laser  in¬ 
jection  current  variations,  or  other  noise  sources. 

When  optically-injection-locked,  the  phase  fluctuations  of  the  slave  lasers 
follow  the  phase  fluctuations  of  the  master  mode- locked  laser  [16,  20].  Due 
to  the  high  correlation  of  the  phase  fluctuations  of  the  individual  modes 
of  the  mode-locked  laser,  a  high-quality  microwave  to  millimeter-wave  sig¬ 
nal  is  produced  from  the  heterodyne  beat  of  the  two  injection  locked  GW 
DFB  lasers.  Since  the  modes  of  the  mode-locked  laser  can  span  over  1000 
GHz  of  bandwidth,  this  technique  can  be  employed  to  generate  tunable  mi¬ 
crowave  through  sub-millimeter  wave  heterodyne  optical  signals  with  high 
phase  stability. 


7 


To  the  best  of  our  knowledge,  the  Photonic  Synthesizer  results  reported 
here  represent  the  first  demonstration  of  optical  injection  locking  of  two  CW 
DFB  lasers  to  individual  modes  of  a  mode-locked  laser  to  generate  tunable 
microwave  signals  with  low  phase  noise  from  1  GHz  to  94  GHz  in  a  single 
apparatus. 

2.3  Organization  of  the  Report 

The  remainder  of  this  report  is  organized  as  follows: 

In  Section  3,  we  describe  in  detail  the  principle  of  operation  of  the  Pho¬ 
tonic  Synthesizer.  The  prototype  design  and  construction  is  described,  in¬ 
cluding  the  test  setups  used  to  characterize  its  performance.  Also,  the 
RF  reference  oscillator  design,  construction,  and  phase  noise  performance  is 
detailed. 

In  Section  4,  we  present  the  results  of  theoretical  calculations  of  expected 
phase  noise  for  the  system  and  its  relation  to  important  parameters  in  the 
design.  The  starting  point  is  a  detailed  analysis  of  the  optical  injection  lock¬ 
ing  technique  using  a  theoretical  model  based  on  the  laser  rate  equations.. 
From  this  analysis  we  then  compute  the  expected  phase  noise  of  the  Pho¬ 
tonic  Synthesizer,  which  rigorously  establishes  that  the  phase  fluctuations  of 
the  DFB  lasers  follow  the  phase  fluctuations  of  the  mode  locked  laser.  This 
result  is  important,  since  it  establishes  the  theoretical  model  from  which 
the  detailed  performance  of  the  Photonic  Synthesizer  can  be  calculated  and 
design  trade-offs  considered.  We  obtain  the  major  design  guidelines  such  as 
locking  frequency  range  as  a  function  of  injection  power,  and  also  analyze 
the  stability  issues  of  injection  locking. 

In  Sections  5  and  6,  we  present  the  main  results  of  the  Photonic  Syn¬ 
thesizer  experiments.  Two  types  of  mode-locked  lasers  were  used  in  the 
experiments.  The  first  is  an  external  cavity  actively  mode-locked  semicon¬ 
ductor  laser.  The  other  was  an  Erbium/Ytterbium  co-doped  optical  fiber 
mode-locked  laser. 

In  Section  5,  we  discuss  the  results  of  the  initial  proof-of-concept  experi¬ 
ments  for  the  Photonic  Synthesizer  using  the  external  cavity  semiconductor 
mode-locked  laser.  We  first  discuss  the  principle  and  construction  of  the 
mode-locked  laser  and  the  results  of  our  characterizations,  including  pulse 
profile,  RF  spectrum,  locking  range,  and  tuning  sensitivity.  The  phase  noise 
of  the  resulting  photodetected  RF  spectrum  is  presented  and  discussed. 

Section  6  describes  the  main  experimental  results  for  the  Photonic  Syn¬ 
thesizer  using  the  fiber  mode-locked  laser.  Due  to  the  superior  stability  of 
the  fiber  laser,  these  results  represent  the  best  performance  achieved  in  this 
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research  program.  We  first  present  details  of  the  construction  and  results  of 
our  characterizations  of  the  fiber  mode-locked  laser.  Then,  measurements 
of  the  Photonic  Synthesizer  are  presented  illustrating  the  generation  of  high 
quality  microwave  and  millimeter-wave  signals  from  1  GHz  to  94  GHz.  The 
Photonic  Synthesizer  phase  noise  is  compared  with  the  phase  noise  of  a  state- 
of-the-art  commercial  signal  generator  (Hewlett-Packard  HP83650L  Synthe¬ 
sized  Signal  Generator)  and  we  show  that  the  Photonic  Synthesizer  has  at 
least  15-20  dB  lower  phase  noise  over  the  1  GHz  to  50  GHz  frequency  range.. 
The  results  are  found  to  be  in  good  agreement  with  the  theoretical  predic¬ 
tions,  thereby  validating  the  theoretical  model  developed  in  this  research 
program. 

In  Section  7,  we  present  results  of  experiments  conducted  to  demonstrate 
a  wideband  photonic  frequency  converting  link  using  a  50  GHz  optical  in¬ 
tensity  modulator.  These  results  obtained  were  beyond  the  scope  of  the 
original  program  goals,  and  demonstrate  the  application  of  the  Photonic 
Synthesizer  as  an  optical  LO  source  in  a  wideband  photonic  frequency  con¬ 
verting  system. 

Finally,  in  Section  8,  we  discuss  our  conclusions  and  recommendations 
for  further  development.  Possible  improvements  in  the  construction  of  the 
mode-locked  laser,  packaging  of  the  Photonic  Synthesizer,  and  control  sys¬ 
tem  issues  are  discussed. 
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3  Photonic  Synthesizer  Operation  and  Construc¬ 
tion 

3.1  Detailed  Description  of  Operation 

Fig.l  illustrates  the  principle  of  operation  for  the  Photonic  Synthesizer.  The 
mode- locked  laser  is  actively  mode- locked  by  a  high  quality  RF  oscillator. 
The  optical  pulse  train  repetition  rate  is  the  same  as  the  frequency  of  the 
RF  oscillator.  In  the  optical  frequency  domain,  the  frequency  spacing  be¬ 
tween  the  modes  equals  the  RF  modulation  frequency.  The  envelope  of  the 
modes  has  a  Gaussian  amplitude  distribution  in  the  frequency  domain,  and 
spans  a  region  of  optical  frequency  approximately  equal  to  the  inverse  of  the 
pulsewidth. 

For  optimum  mode-locking,  the  cavity  spacing  of  the  mode-locked  laser 
must  be  carefully  adjusted  such  that  it  is  the  same  as  the  RF  oscillator 
frequency.  In  these  experiments,  a  1  GHz  RF  oscillator  was  used.  Fig.2 
shows  the  typical  spectrum  of  the  mode-locked  laser  output.  For  the  ex¬ 
ternal  cavity  semiconductor  mode-locked  laser,  the  minimum  pulse  width  is 
achieved  at  zero  detuning  between  the  cavity  mode  frequency  and  the  RF 
drive  frequency,  but  this  is  accompanied  by  a  relatively  large  amount  of  RF 
phase  noise  in  the  photodetected  output.  However,  slight  negative  detuning 
between  the  cavity  mode  frequency  and  the  RF  drive  frequency  was  found  to 
minimize  the  phase  noise.  Previous  work  has  shown  that  negative  detuning 
suppresses  cyclic  instabilities  in  pulse-to-pulse  amplitude  [44].  We  attribute 
the  improved  phase  noise  performance  in  the  negative  detuning  condition 
to  suppression  of  pulse-to-pulse  jitter  induced  by  the  cyclic  instabilities. 
Also,  we  found  that  the  linewidth  of  the  mode-locked  laser  in  the  minimum 
phase  noise  condition  (negative  detuning)  was  much  reduced  compared  to 
the  linewidth  in  the  minimum  pulse  width  condition  (zero  detuning).  This 
result  is  also  apparently  related  to  the  suppression  of  the  cyclic  instabilities. 

For  optimum  performance,  the  RF  reference  oscillator  used  to  drive  the 
mode-locked  laser  must  be  a  low  phase  noise  oscillator,  since  any  phase 
noise  of  the  driving  oscillator  is  translated  to  the  mode-locked  laser  output 
[11,  12].  When  properly  mode-locked  at  the  minimum  phase  noise  condition, 
the  phase  noise  of  the  photodetected  output  is  typically  limited  by  the  RF 
source  for  frequencies  within  10  kHz  of  the  carrier. 

When  the  optical  pulse  train  from  the  mode-locked  laser  is  injected  into 
the  CW  DFB  laser,  the  DFB  laser  can  be  phase-locked  to  that  mode  of  the 
mode-locked  laser,  provided  the  injection-locking  bandwidth  of  the  DFB  is 
smaller  than  the  mode  spacing  of  1  GHz.  Other  modes  outside  the  locking 
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Figure  1:  Block  diagram  of  the  photonic  synthesizer.  The  mode-locked  laser 
pulse  train  is  split  and  injected  into  two  DFB  lasers.  The  DFB  frequencies 
are  tuned  to  be  injection-locked  to  two  modes  of  the  mode-locked  laser, 
thereby  conferring  a  high  degree  of  relative  phase  stability  on  the  DFB 
outputs.  Heterodyne  photodetection  of  the  combined  DFB  laser  outputs 
generates  microwave  signals  with  low  phase  noise. 


Figure  2:  Optical  spectrum  of  the  mode-locked  laser,  showing  the  1  GHz 
mode  spacing,  which  is  equal  to  the  RF  oscillator  frequency  used  to  mode- 
lock  the  laser. 
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range  will  introduce  phase  modulation  on  the  DFB  laser.  As  the  locking 
bandwidth  of  the  DFB  laser  is  decreased,  these  phase  modulations  become 
smaller.  However,  if  the  DFB  laser  locking  bandwidth  is  too  small,  locking 
the  slave  laser  to  the  desired  mode  becomes  more  difficult,  particularly  if 
either  the  mode-locked  laser  comb  fluctuates  in  the  frequency  domain,  or 
if  the  DFB  laser  frequency  fluctuates.  The  optimum  locking  bandwidth  is 
determined  from  the  experiments  as  a  compromise  between  the  stability  of 
injection  locking  and  the  sideband  suppression. 

In  the  Photonic  Synthesizer  setup,  the  mode-locked  laser  is  split  and 
simultaneously  injected  into  two  DFB  lasers  as  shown  in  Fig.l.  When  the 
free-running  frequency  of  DFB  laser  is  adjusted  within  the  locking  range 
of  the  ith  mode  of  the  mode-locked  laser,  and  laser  #2  is  adjusted  within  the 
locking  range  of  the  jth  mode  of  the  mode-locked  laser,  the  DFB  lasers  will 
be  injection-locked  to  zth  and  jth  modes  of  mode-locked  laser,  respectively. 
Thus  the  frequency  difference  between  laser  and  laser  ^2  is  precisely 
set  to  the  frequency  difference  of  ith  and  jth  modes  of  the  mode-locked 
laser,  which  is  an  integral  multiple  of  the  modulation  frequency  of  the  RF 
oscillator.  The  phases  of  the  slave  lasers  also  assume  the  same  phases  as 
the  ith  and  jth.  modes  of  mode- locked  laser.  The  photodetected  heterodyne 
combination  of  the  two  DFB  lasers  is  a  low  phase  noise  RF  signal.  This  is 
illustrated  in  Fig.3  where  a  4  GHz  signal  is  generated  as  an  example. 

In  this  way,  coarse  tuning  in  1  GHz  steps  is  used  to  generate  low  phase 
noise  heterodyne  signals  from  1  GHz  to  over  100  GHz.  To  interpolate  be¬ 
tween  the  1  GHz  modes  to  achieve  finer  frequency  resolution,  one  of  the  DFB 
modes  may  be  frequency  shifted  prior  to  heterodyne  combination.  The  fre¬ 
quency  shifting  can  be  achieved  using  standard  acousto-optic  modulation  or 
electro-optic  modulation  techniques.  Then  the  phase  noise  of  the  resulting 
heterodyne  signal  is  determined  fundamentally  by  the  multiplied  phase  noise 
of  the  1  GHz  reference  oscillator,  plus  any  phase  noise  due  to  the  interpo¬ 
lating  signal.  At  high  frequencies,  the  multiplied  1  GHz  phase  noise  will 
typically  limit  the  performance. 

3.2  Prototype  Design  and  Construction 

In  this  section,  we  focus  on  design  and  construction  issues  related  to  the 
Photonic  Synthesizer  prototype.  We  will  discuss  the  theoretical  and  exper¬ 
imental  results  for  the  mode-locked  laser,  injection  locked  DFB  lasers,  and 
the  phase  noise  of  the  Photonic  Synthesizer  in  following  sections. 

The  core  of  the  Photonic  Synthesizer  prototype  is  constructed  using 
polarization-maintaining  (PM)  single-mode  optical  fiber  components.  PM 
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Figure  3:  Frequency-domain  picture  of  injection-locking  of  the  DFBs  to  the 
mode-locked  laser.  The  mode-locked  laser  output  is  injected  into  DFB  laser 
#1  and  DFB  laser  ^2.  Laser  #1  is  tuned  to  within  the  locking  range  of  the 
i-th  mode  of  the  mode-locked  laser,  and  laser  ^2  is  tuned  to  the  j-th  mode 
locking  range,  as  indicated  in  the  long  dashed  line  when  they  are  in  free- 
running  situation.  When  injected  by  the  mode-locked  laser,  lasers  #1  and 
#2  become  phase  locked  to  the  i-th  and  j-th  modes  respectively.  Therefore, 
their  beat  generates  an  RF  signal  upon  photodetection  (in  this  case,  at  4 
GHz.) 


components  are  required  because  both  injection-locking  and  optical  het¬ 
erodyne  signal  generation  require  that  the  optical  signal  polarization  be 
preserved.  The  detailed  implementation  of  the  Photonic  Synthesizer  is  il¬ 
lustrated  in  the  block  diagram  of  Fig.4.  It  is  noted  that  the  goal  of  the 
research  program  was  to  build  a  proof-of-concept  prototype  using  available 
components.  Ideally,  many  of  the  components  of  the  synthesizer  would 
be  contained  in  a  single  integrated  optical  circuit,  which  would  reduce  or 
eliminate  the  need  for  PM  optical  fibers,  couplers,  isolators,  modulators, 
etc,  since  polarization  can  be  more  easily  managed  in  integrated  optical 
waveguides. 

Referring  to  Fig.  4,  we  now  describe  the  signal  flow  through  the  system. 
The  mode-locked  laser  output  is  split  by  a  50/50  PM  splitter,  which  provides 
the  input  signals  to  injection  lock  the  DFB  lasers.  These  signals  pass  through 
optical  isolators  to  reduce  reflection  back  into  the  mode-locked  laser  cavity 
to  minimize  instabilities.  Each  signal  then  passes  through  a  lithium-niobate 
integrated  Mach-Zehnder  optical  modulator  which  is  part  of  an  automatic 
level  control  (ALC)  circuit  that  keeps  the  optical  injection  power  constant. 
The  ALC  circuit  is  comprised  of  a  10%  optical  coupler,  DC  photodetector. 
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Figure  4:  Photonic  synthesizer  optical  configuration  block  digram. 


transimpedance  amplifier,  and  negative  feedback  circuit  that  controls  the 
DC  bias  of  the  modulator  to  maintain  a  constant  optical  power.  In  the 
final  deliverable  unit,  the  DC  levels  of  the  two  ALC  photodetectors  can  be 
monitored  on  the  front  panel  of  the  Photonic  Synthesizer.  This  permits 
adjustment  of  the  injection  level  of  the  mode-locked  laser  to  the  two  DFB 
lasers.  Fig. 5  shows  the  corresponding  injection  optical  average  powers  to 
the  DFB  lasers  versus  the  DC  monitor  voltages  on  the  front  panel. 

In  all  of  the  experiments,  the  DFB  lasers  are  coupled  via  one  facet  us¬ 
ing  an  optical  circulator  to  simplify  the  optical  alignment  and  packaging. 
Following  the  optical  circulators,  two  more  optical  isolators  are  used  to  min¬ 
imize  possible  backreflections  into  the  DFB  lasers  or  mode-locked  laser  which 
may  introduce  further  instabilities.  Finally,  the  two  optical  outputs  from  the 
DFB  lasers  are  combined  in  a  second  50/50  PM  optical  coupler  to  produce 
the  desired  optical  heterodyne  beat  signal.  The  coupling  ratio  could  be 
varied  with  a  micrometer  which  permitted  fine  adjustment  to  equalize  the 
output  powers  of  the  two  lasers  in  the  final  heterodyne  output  to  achieve 
maximum  photodetected  RF  signal  amplitude. 

The  output  phase  of  the  RF  heterodyne  signal  is  degraded  by  fluctuations 
caused  by  changes  in  relative  optical  length  between  the  two  optical  paths 
through  the  DFB  laser.  To  minimize  these  drifts,  the  prototype  is  con¬ 
structed  on  a  thermally-controlled  aluminium  plate.  The  plate  is  mounted 
on  an  array  of  thermoelectric  cooler  (TEC)  modules  which  are  controlled 
to  maintain  the  plate  at  constant  temperature  of  30°  C.  The  optical  fibers 
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Figure  5:  Absolute  injection  optical  average  power  to  the  two  DFB  lasers  as 
a  function  of  Photonic  Synthesizer  chassis  front  panel  monitor  voltages. 
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Figure  6:  Mechnical  design  illustration  of  Photonic  Synthesizer.  The  top 
aluminium  plate  hosts  all  optical  components  and  fiber  management.  The 
plate  rests  on  a  grid  of  TEC  modules  which  keep  the  plate  at  constant 
temperature  using  a  feedback  circuit.  The  thermal  sensors  for  the  feedback 
circuit  are  embedded  in  the  plate.  The  bottom  plate  of  the  chassis  provides 
the  thermal  sink  for  the  TECs.  The  top  plate  is  covered  by  a  rigid  nylon 
enclosure  to  reduce  airflow  over  the  components. 


connecting  the  components  are  kept  in  close  contact  with  the  plate  as  well. 
Finally,  the  plate  is  covered  by  a  nylon  enclosure  to  minimize  air  flow  over 
the  components.  The  optical  fibers  connecting  the  components  are  carefully 
spliced  such  that  the  length  difference  between  the  upper  path  and  lower 
path  in  Fig. 4  is  within  0.25  inches.  This  is  important  to  minimize  any  noise 
added  due  to  phase  discrimination  from  path  differences  in  the  coherent 
heterodyne  system.  The  Photonic  Synthesizer  also  includes  all  the  electric 
circuitry  to  automatically  maintain  the  temperature  for  the  plate.  Fig.6  dis¬ 
plays  the  illustration  of  the  mechanical  design  of  Photonic  Synthesizer.  It 
is  noted  that  such  drastic  precautions  to  control  the  temperature  of  the  op¬ 
tical  paths  would  probably  not  be  necessary  for  a  monolithically-integrated 
Photonic  Synthesizer  optical  circuit. 

The  DFB  lasers  used  in  the  Photonic  Synthesizer  have  output  power 
of  approximately  80  mW  ex-facet,  linewidth  of  less  than  1  MHz,  and  low 
relative  intensity  noise  (RIN)  less  than  -165  dBc/Hz  at  frequencies  below 
1  GHz.  The  DFB  chips  were  designed  and  fabricated  by  Sarnoff  Research 
Center.  The  lasers  were  packaged  in  standard  14-pin  butterfly  packages  on 
thermo-electric  coolers,  with  special  care  taken  to  minimize  reflections  into 
the  laser  cavity.  Fig.7  illustrates  the  laser  packaging  concept  used.  Instead 
of  a  conventional  DFB  package  where  an  optical  lens  and  isolator  are  used 
prior  to  fiber  launch,  the  fiber  tip  was  polished  to  produce  a  lensed  fiber 
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Figure  7:  Illustration  of  DFB  laser  packaging  concept.  The  fiber  tip  was 
polished  to  create  a  lens  to  couple  the  laser  chip  output  to  the  fiber  with 
minimum  back-reflection.  The  fiber  is  metallized  and  soldered  directly  to 
the  same  ceramic  substrate  as  the  DFB  laser  chip.  No  opitcal  isolator  is 
used,  since  the  input  and  output  are  taken  from  the  same  facet  of  the  chip. 

which  directly  collects  the  light  from  DFB  laser  chip  output.  The  fiber  is 
metalized  and  soldered  to  the  same  ceramic  alumina  substrate  as  the  laser 
chip,  which  is  then  attached  to  the  thermo-electric  cooler.  The  lensed  fiber 
tip  minimizes  the  back  reflection  to  the  laser  chip  to  prevent  laser  insta¬ 
bility.  The  soldered  construction  minimizes  movement  of  the  chip  relative 
to  the  fiber  tip  as  the  chip  temperature  is  varied  to  tune  the  wavelength. 
A  thermistor  and  back-facet  monitor  photodiode  are  also  mounted  to  the 
alumina  substrate.  The  coupling  efficiency  to  the  fiber  was  estimated  to 
be  on  the  order  of  20%  to  30%.  Although  this  is  lower  coupling  efficiency 
than  can  be  achieved  using  a  lens,  the  benefit  of  minimum  back  reflection 
was  determined  to  be  more  important  for  the  purposes  of  demonstrating 
the  Photonic  Synthesizer  concept.  Maximizing  the  coupling  efficiency  of  the 
DFBs  and  determining  permissible  levels  of  back-reflection  without  degrad¬ 
ing  the  performance  of  the  Photonic  Synthesizer  remain  as  topics  for  future 
study.  Fig.8  shows  the  laser  power  at  the  fiber  output  vs.  driving  current 
for  the  butterfly  package.  The  power  levels  obtained  with  this  package  were 
adequate  for  the  Photonic  Synthesizer  experiments. 

The  two  DFB  lasers  were  controlled  by  an  ILX  Lightwave  LDX-3100 
laser  diode  controller  which  provided  laser  current  and  temperature  control. 
Coarse  tuning  of  the  DFB  frequencies  was  accomplished  by  varying  the  chip 
temperature  with  the  thermo-electric  cooler,  while  fine  adjustments  could 
be  made  by  varying  the  laser  current.  The  lasers  were  first  selected  to  have 
wavelengths  as  close  as  possible  when  operated  at  the  same  temperature. 
Then  careful  measurements  were  made  of  optical  frequency  versus  chip  tem¬ 
perature  at  constant  current.  The  temperature  and  current  of  DFB  laser 
#1  was  fixed  at  22.9  °C  and  260  mA  respectively,  and  its  absolute  frequency 


Figure  8:  Laser  optical  power  at  the  fiber  output  versus  drive  current. 
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was  measured.  Absolute  optical  frequency  measurements  were  taken  using 
a  Burleigh  Wavemeter^-^^  with  30  MHz  accuracy.  Then  we  measured  the 
frequency  of  DFB  laser  ^2  at  constant  value  of  249  mA  relative  to  laser 
while  varying  the  temperature  of  laser  #2.  Fig.9  shows  the  results  of  these 
measurements,  which  show  that  the  laser  frequency  changed  linearly  versus 
temperature,  with  a  slope  of  approximately  14  GHz  /  °C.  This  measurement 
was  repeated  11  times  for  each  DFB  laser  to  determine  the  repeatability  of 
the  laser  frequency  versus  operating  temperature.  It  was  found  that  the 
standard  deviation  of  the  optical  frequency  at  a  given  temperature  is  within 
200  MHz.  The  high  repeatability  of  the  laser  frequency  versus  temperature 
was  exploited  to  simplify  the  control  software  for  tuning  the  Photonic  Syn¬ 
thesizer.  The  laser  chip  temperature  could  be  reliably  controlled  with  0.1 
°C  resolution,  which  yielded  tuning  resolution  of  approximately  1.4  GHz. 

Adjustment  of  the  laser  temperature  alone  did  not  yield  enough  res¬ 
olution  to  tune  the  laser  frequency  within  the  injection-locking  range  of  a 
desired  mode,  which  is  less  than  1  GHz.  So,  after  the  temperature  was  tuned 
so  that  the  DFB  frequency  was  close  to  the  desired  mode  of  the  mode  locked 
laser,  the  laser  current  was  adjusted  slightly  to  precisely  align  the  laser  fre¬ 
quency  with  the  mode  as  illustrated  in  Fig.3.  For  the  DFB  lasers  used, 
the  tuning  coefficient  of  laser  frequency  versus  current  was  approximately 
200  MHz  /  mA.  The  DFB  current  could  be  controlled  to  increments  of  0.1 
mA,  yielding  20  MHz  of  tuning  resolution.  In  our  experimental  setup,  the 
absolute  frequency  of  the  mode-locked  laser  modes  drifted  with  time,  due 
to  thermal  drift  of  the  cavity.  This  drift  of  the  mode-locked  laser  frequency, 
combined  with  the  200  MHz  standard  deviation  of  the  DFB  laser  frequency 
versus  temperature,  necessitated  manual  tuning  of  the  DFB  laser  current 
to  precisely  align  the  DFB  lasers  to  the  mode-locked  laser  modes  to  achieve 
proper  injection- locking.  Fig.  10  illustrates  an  example  of  tuning  DFB  laser 
#2  away  from  DFB  #1  by  approximately  20  GHz,  and  then  50  GHz,  when 
the  temperature  is  changed  from  23.6  °C  to  25.8  °C.  It  is  noted  that  elimina¬ 
tion  of  the  manual  tuning  requirement  must  be  addressed  in  future  research 
and  development.  However,  an  integrated  optical  approach  for  both  the 
Photonic  Synthesizer  is  expected  to  result  in  less  relative  drift  between  the 
optical  paths,  since  the  entire  assembly  can  then  be  temperature-stabilized. 


3.3  Optical  Spectrum  Aucdyzer  and  RF  Oscillator 

A  Newport  Supercavity^^  Fabry-Perot  interferometer  was  used  to  analyze 
the  optical  spectrum  of  the  Photonic  Synthesizer  and  to  assist  in  the  tuning 
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Figure  9:  Laser  #2  frequency  difference  relative  to  laser  #1.  Laser  #1 
operates  at  260  mA  and  22.9  °C.  Laser  #2  current  is  fixed  at  249  mA. 
This  shows  that  the  laser  frequency  changes  linearly  with  temperature  with 
tuning  coefficient  of  aproximately  14  GHz  /  °C. 
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Figure  10:  Illustration  of  temperature  tuning  procedure  for  the  DFB  lasers 
to  achieve  a  desired  RF  output  frequency.  Laser  operates  at  constant 
current  of  260  mA  and  constant  temperature  of  22.9  °C.  Laser  ^2  is  tuned 
by  changing  its  temperature.  In  the  figure,  laser  jj^2  frequency  difference 
relative  to  laser  #1  is  tuned  close  to  20  GHz  when  temperature  is  at  23.6 
°C,  and  close  to  50  GHz  when  temeprature  is  tuned  to  25.8  °C. 

of  the  DFB  slave  lasers  to  achieve  injection  locking  as  illustrated  in  Fig.  10. 
The  interferometer  was  custom-specified  and  fabricated  to  have  a  high  finesse 
F  >10, 000,  a  free  spectral  range  of  500  GHz,  and  resolution  of  approximately 
50  MHz,  thus  permitting  resolution  of  the  mode  structure  of  the  mode-locked 
laser  with  mode  spacing  of  1  GHz  over  the  100  GHz  operating  range.  As 
the  cavity  was  not  fiber-coupled,  a  free-space  optical  train  was  constructed 
to  match  the  optical  mode  of  a  collimated  single-mode  fiber  output  to  the 
mode  of  the  Supercavity^^,  as  illustrated  in  Fig.ll. 

A  separatel9-inch  rack-mountable  chassis,  called  the  Monitor  Module, 
was  constructed  to  contain  the  Supercavity^-^  spectrum  analyzer  and  optics 
as  shown  in  Fig.ll,  and  also  some  optical  couplers  and  an  optical  isolator. 
The  configuration  of  the  Monitor  Module  is  displayed  in  Fig.  12.  Two 
optical  splitters  with  1%  and  10%  coupling  ratios  tap  the  output  from  the 
Photonic  Synthesizer  and  mode-locked  laser.  The  tapped  outputs  can  be 
sent  to  the  Supercavity^^  optical  spectrum  analyzer  though  a  4x1  coupler. 
An  optical  isolator  is  used  to  prevent  reflections  from  the  Supercavity  back 
into  the  lasers.  Fig. 12  shows  the  internal  configuration  corresponding  to  the 
labels  used  on  the  front  panel  of  the  Monitor  Module. 

The  1  GHz  RF  source  required  to  mode-lock  the  laser  is  also  contained 
inside  the  Monitor  Module.  One  critical  parameter  for  this  RF  source  is  low 
phase  noise.  Any  phase  noise  from  this  RF  source  will  directly  translate  to 
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Figure  11;  Optical  spectrum  analyzer  based  on  the  Newport  Supercavity^"^ 
high-finesse  Fabry-Perot  interferometer.  The  single-mode  fiber  optic  input 
is  transformed  to  a  collimated  free-space  beam  by  a  GRIN  lens.  A  second 
condensing  lens  focuses  the  beam  into  the  Supercavity.  The  distances  from 
the  fiber  optical  collimator  to  the  lens,  and  from  the  lens  to  the  Supercavity 
input,  as  well  as  the  focus  length  of  the  lens  were  selected  carefully  to  achieve 
proper  mode-matching  to  the  Supercavity™. 
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Figure  12;  Block  diagram  of  the  Monitor  Module  internal  configuration, 
showing  labels  as  they  appear  on  the  fi:ont  panel  of  the  19-inch  rack  mount- 
able  chassis. 
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Figure  13;  Configuration  of  the  1  GHz  RF  source  used  in  the  photonic 
synthesizer. 

phase  noise  in  the  mode-locked  laser,  which  will  ultimately  limit  the  phase 
noise  performance  of  the  Photonic  Synthesizer. 

A  1  GHz  RF  source  was  constructed  starting  from  a  very  low  phase 
noise,  oven-controlled  100  MHz  quartz  crystal  oscillator.  The  output  of  the 
oscillator  was  amplified,  then  used  to  drive  a  step-recovery-diode  to  generate 
a  frequency  comb  to  about  2  GHz  with  spacing  of  100  MHz.  The  desired 
1  GHz  tone  was  passed  by  a  narrow  bandpass  filter,  which  suppressed  the 
other  harmonics.  Finally,  this  1  GHz  signal  was  amplified  to  approximately 
-b23  dBm  and  used  to  drive  the  mode-locked  laser.  Fig.  13  illustrates  the 
configuration  of  the  1  GHz  RF  source. 
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Figure  14:  Conceptual  block  diagram  of  phase  noise  measurement  system. 

3.4  Phase  Noise  Test  Setup 

Before  discussing  the  phase  noise  measurement  results  of  this  RF  source,  a 
brief  introduction  of  the  phase  noise  test  setup  used  in  most  of  the  measure¬ 
ments  is  presented.  A  Hewlett-Packard  HP  3048A  phase  noise  measurement 
system  was  employed  for  measurements  at  1  GHz  and  below,  while  the  in¬ 
ternal  phase  noise  measurement  capability  of  an  HP8565E  50  GHz  RF  spec¬ 
trum  analyzer  was  used  for  most  of  the  microwave  frequency  measurements. 
The  basic  principle  of  operation  of  the  HP  3048A  system  is  illustrated  in 
Fig.  14.  The  signals  from  the  device  under  test  (DUT)  and  reference  source 
enter  the  double-balanced  mixer.  The  two  signals  are  kept  at  quadrature 
phase  (90°  out-of-phase)  by  a  PLL  feedback  loop  that  tunes  the  reference 
oscillator.  In  this  configuration,  the  mixer  IF  output  is  a  voltage  that  is 
linearly  proportional  to  the  phase  difference  between  the  inputs,  provided 
the  difference  is  less  than  about  10  degrees.  The  power  spectrum  of  the 
IF  output  is  equivalent  to  the  phase  noise  of  the  DUT,  provided  that  the 
reference  oscillator  phase  noise  is  much  lower.  The  low  pass  filter  (LPF) 
prevents  LO  feedthrough  and  mixer  sum  products  from  overloading  the  low 
noise  amplifier.  The  low  noise  amplifier  (LNA)  improves  the  sensitivity  and 
noise  figure  of  the  spectrum  analyzer. 

Fig.  15  shows  the  instruments  and  configuration  used  in  the  HP  3048A 
system.  The  HP  11848A  phase  noise  interface  contains  a  double-balanced 
mixer  used  as  a  phase  detector  operating  from  5  MHz  to  1.6  GHz  frequency 
range,  a  low  pass  band  filter,  a  low  noise  amplifier,  and  a  phase-locked-loop. 
The  mixer  L  port  is  the  input  of  the  reference  source,  while  the  R  port  is 
the  input  of  the  DUT.  The  phase  detector  output  is  sent  to  an  HP  3561 A 
dynamic  signal  analyzer.  We  choose  a  low  phase  noise  HP  8662A  synthesizer 


24 


as  our  reference  source.  The  system  also  includes  a  HP  70427A  microwave 
downconverter  to  extend  the  frequency  to  26  GHz.  A  typical  configuration 
to  measure  absolute  phase  noise  of  DUT  is  shown  in  Fig. 15. 

3.5  Reference  Oscillator  Phase  Noise 

Fig.  16  displays  the  phase  noise  measurement  of  the  100  MHz  oscillator  used 
in  our  1  GHz  source  as  outlined  in  Fig.  13.  In  this  case,  due  to  the  very  low 
phase  noise  of  our  100  MHz  oscillator,  which  was  significantly  lower  than 
the  HP  8662A  synthesizer  reference,  we  instead  used  an  identical  100  MHz 
oscillator  as  the  reference,  so  that  we  measured  the  two  oscillators  against 
each  other.  So  in  the  setup  outlined  in  Fig.l5,  instead  of  using  the  HP 
8662A  synthesizer  in  port  L,  we  used  two  independent  100  MHz  oscillators 
at  both  port  L  and  port  R.  Since  our  oscillators  could  be  tuned  by  varying 
a  DC  control  voltage  we  connected  the  voltage  tuning  port  to  the  phase 
noise  interface  to  tune  the  oscillator  during  the  phase  noise  measurement, 
thus  compensating  for  frequency  drift.  In  this  type  of  measurement,  it  is 
assumed  that  the  two  oscillators  have  identical  phase  noise,  so  that  the 
displayed  phase  noise  level  is  the  sum  of  two  independent  random  processes. 
Therefore,  it  assumed  that  the  individual  oscillator  phase  noise  is  a  factor 
of  two  lower,  or  -3  dB. 

Similar  phase  noise  measurements  were  performed  for  the  two  identical  1 
GHz  multiplied  sources  of  the  configuration  in  Fig.l3.  Fig.  17  displays  these 
results.  The  phase  noise  of  our  1  GHz  source  is  among  the  lowest  available 
from  commercial  vendors.  Table  1  summarizes  the  phase  noise  for  the  100 
MHz  and  1  GHz  RF  sources  used  in  the  Photonic  Synthesizer  project.  The 
harmonics  visible  in  the  phase  noise  plots  are  assumed  to  be  due  to  spurious 
60  Hz  noise  and  harmonics  thereof.  No  excessive  measures  were  taken  to 
reduce  this  noise  source  in  these  measurements. 


Table-1:  Reference  Oscillator  Phase  Noise 

SSB  Phase  Noise  PSD  [dBc/Hz] 

Offset 

100  MHz  Oscillator 

1  GHz  Source 

100  Hz 

-123 

-100 

1  kHz 

-150 

-125 

10  kHz 

-170 

-135 

100  kHz 

-175 

-140 
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HP  3048A  Carrier:  100. E«6  Kz 


12/30/97  16:29:39  -  16:32:06 


Figure  16:  Phase  noise  of  our  100  MHz  crystal  oscillator  measured  using  HP 
3048A  phase  noise  measurement  system.  In  this  measurement,  a  pair  of  100 
MHz  oscillators  are  used. 
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3.6  Photonic  Synthesizer  Measurement  Technique 

To  aid  the  reader  in  understanding  the  upcoming  detailed  discussion  of 
the  mode-locked  laser,  injection-locking  technique,  and  Photonic  Synthe¬ 
sizer  performance  in  the  following  sections,  we  will  first  give  a  brief  intro¬ 
duction  to  the  measurement  setup  and  techniques  we  used  to  operate  and 
characterize  the  Photonic  Synthesizer  prototype.  Fig. 18  displays  the  typi¬ 
cal  setup  we  used  for  testing  the  Photonic  Synthesizer,  which  we  will  now 
describe.  Starting  from  mode-locked  laser,  the  RF  source  at  1  GHz  which 
resides  in  the  Monitor  Module  (bottom  left)  provides  the  reference  input  to 
the  mode-locked  laser.  The  mode-locked  laser  has  two  main  outputs:  out¬ 
put  (the  primary  output)  has  output  power  of  approximately  -f  13  dBm 
via  a  polarization-maintaining  (PM)  fiber-optic  connector.  This  output  is 
directed  to  the  input  of  the  Photonic  Synthesizer  through  a  PM  fiber  ca¬ 
ble.  Another  output  of  the  mode-locked  laser  (auxiliary  output)  has  output 
power  of  -1-17  dBm  and  is  sent  to  the  Monitor  Module  mode- locked  laser 
input  port.  The  output  from  the  Photonic  Synthesizer  is  directed  to  the 
slave  laser  input  port  of  the  Monitor  Module.  In  the  Monitor  Module,  a 
portion  of  the  mode-locked  laser  output  is  combined  with  a  portion  of  the 
Photonic  Synthesizer  output,  which  is  then  input  to  the  Supercavity^^  op¬ 
tical  spectrum  analyzer.  This  permits  display  of  the  mode-locked  laser  and 
Photonic  Synthesizer  optical  modes  simultaneously  on  an  oscilloscope  to  as¬ 
sist  the  laser  tuning  for  optimum  injection  locking.  The  remaining  large 
part  of  the  mode-locked  laser  output  is  detected  by  a  high-speed  photode¬ 
tector  and  monitored  using  a  50  GHz  RF  spectrum  analyzer.  The  RF  comb 
produced  by  the  photodetected  mode-locked-laser  pulse  train  is  observed  to 
insure  that  the  mode-locked  laser  is  properly  mode-locked  with  minimum 
RF  noise.  From  time  to  time,  the  mode-locked  laser  cavity  length  must  typ¬ 
ically  be  adjusted  to  ensure  its  optimum  operation.  About  -1-9  dBm  from  the 
remaining  part  of  the  Photonic  Synthesizer  output  is  detected  by  another 
high-speed  photodetector.  This  output  is  amplified  and  used  to  perform 
phase  noise  measurements  using  a  Hewlett-Packard  HP3048A  phase  noise 
measurement  system  as  outlined  in  the  Fig.  15.  This  output  is  also  viewed 
on  an  RF  spectrum  analyzer  to  observe  the  generated  RF,  microwave  and 
millimeter-wave  signals,  and  to  measure  the  high-frequency  phase  noise. 

Although  a  more  detailed  discussion  and  presentation  of  the  phase  noise 
results  of  the  Photonic  Synthesizer  will  be  presented  in  folloAving  Sections, 
here  we  present  an  example  of  such  measurements  and  a  condensed  summary 
of  the  phase  noise  at  different  frequencies.  Fig.  19  shows  the  phase  noise  test 
result  of  the  Photonic  Synthesizer  at  10  GHz  vs.  offset  frequency  from  the 
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Figure  18:  Typical  test  setup  for  the  photonic  synthesizer,  including 
the  mode- locked  laser,  monitor  module,  and  Photonic  Synthesizer.  The 
HP3048A  phase  noise  measurement  system  and  a  50  GHz  HP8565E  RF 
spectrum  analyzer  are  used  to  examine  the  detected  optical  heterodyne  out¬ 
put. 
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Figure  19:  Single-sideband  phase  noise  of  photonic  synthesizer  operated  at 
10  GHz.  The  HP3048A  phase  noise  test  system  was  used  to  donwconvert 
the  10  GHz  signal  to  400  MHz  by  using  the  HP70427A  microwave  downcon- 
verter. 

carrier  as  measured  using  the  HP3048A  phase  noise  measurement  system. 
In  Fig.20,  the  phase  noise  of  the  Photonic  Synthesizer  is  plotted  at  several 
frequencies  from  1  GHz  to  50  GHz  at  10  kHz  offset  from  the  carrier.  For 
comparison,  the  phase  noise  of  a  Hewlett-Packard  HP83650L  10  MHz  -  50 
GHz  microwave  synthesizer  was  also  measured  and  is  plotted.  Table-2  gives  a 
summary  of  these  results.  These  results  show  that  the  Photonic  Synthesizer 
phase  noise  is  about  14  dB  to  20  dB  lower  than  a  high-quality  commercially- 
available  RF  wide-frequency-range  S5Tithesizer  such  as  the  HP83650L  over 
the  frequency  range  of  10  GHz  to  50  GHz.  These  results  were  obtained  using 
the  fiber  ring  mode  locked  laser  as  the  optical  comb  generator. 


31 


SSB  Phase  Noise  (dBe/Hz)  at  10  kHz  Offset 


Carrier  Frequency  (GHz) 


Figure  20:  Single-sideband  phase  noise  of  photonic  synthesizer  and 
HP83650L  at  frequency  offset  of  10  kHz. 
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Table-2:  Summary  of  Phase  Noise  Results 

SSB  Phase  Noise  PSD  [dBc/Hz]  at  10  kHz  offset 

Frequency  (GHz) 

Photonic  Synthesizer 

HP  83650L 

1 

-108 

-94 

10 

-104 

-90 

18 

-105 

-85 

30 

-102 

-80 

-97 

-79 

-95 

-77 
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4  Theoretical  Model 

4.1  Introduction  to  injection-locking  of  semiconductor  lasers 

In  this  Section,  a  theoretical  model  for  the  Photonic  Synthesizer  is  devel¬ 
oped.  The  model  starts  from  a  treatment  of  injection  locking  in  semicon¬ 
ductor  lasers,  then  proceeds  to  an  analysis  of  the  phase  noise  of  the  detected 
RF  heterodyne  beat. 

Injection  locking  is  a  way  of  synchronizing  one  (or  several)  free-running 
oscillators  to  a  reference  oscillator.  The  technique  was  described  in  the 
classic  papers  of  van  der  Pol  [17]  and  Adler  [18]  for  the  case  of  electrical 
oscillators,  and  injection  locking  of  microwave  oscillators  was  reported  by 
Kurokawa.  Injection  locking  of  lasers  has  been  extensively  investigated  both 
theoretically  and  experimentally.  Initially,  it  was  studied  on  the  basis  of 
the  general  theory  of  injection  locking  in  regenerative  oscillators  [21]  -  [24]. 
Later,  an  injection-locking  theory  based  on  semiconductor  rate  equations 
was  developed  by  Lang  [25]  and  several  others  [26,  27] . 

An  early  motivation  to  study  injection  locking  in  semiconductor  lasers 
was  for  application  in  long-distance  high-speed  digital  fiber-optic  transmis¬ 
sion  systems.  It  was  found  that  injection  locking  reduced  the  spectral  broad¬ 
ening  during  high  speed  modulation  which  limits  the  transmission  distance 
due  to  fiber  dispersion.  For  coherent  transmission  systems,  injection  lock¬ 
ing  may  be  used  to  synchronize  the  local  oscillator.  It  can  also  be  used  to 
generate  phase  shift  keying  (PSK)  modulation  and  to  provide  homodyne 
detection  with  optimum  receiver  sensitivity.  Pulsations  induced  by  optical 
injection  have  also  been  found  to  yield  information  about  the  important 
coupling  between  amplitude  and  phase  of  the  electric  field  in  a  semiconduc¬ 
tor  laser.  In  fact,  a  method  was  developed  to  measure  the  laser  linewidth 
enhancement  factor  a  using  injection  locking  techniques  [29]. 

Previously,  it  was  widely  known  that  injection-locking  of  semiconductor 
lasers  can  create  instabilities  and  even  chaos  when  injection  power  increased 
beyond  a  certain  critical  level.  Therefore,  the  operation  of  the  injection- 
locked  laser  was  kept  under  this  instability  boundary  to  ensure  stable  op¬ 
eration.  However,  this  also  limits  the  locking  bandwidth  to  a  rather  small 
range,  which  leads  to  a  relatively  small  modulation  bandwidth.  Recently, 
it  was  discovered  that  when  a  laser  is  operated  under  very  strong  injection¬ 
locking  conditions,  which  were  not  analyzed  previously,  the  laser  instabil¬ 
ity  disappears  and  a  stable  operation  region  emerges.  Under  this  strong 
injection-locking  condition,  several  groups  found  enhancement  of  laser  di¬ 
rect  modulation  bandwidth  compared  to  the  free-running  situation,  and 
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reduced  chirp  [31]  -  [35] .  These  discoveries  may  result  in  renewed  interest 
in  injection-locking  techniques  for  fiber  communication  applications.  Also, 
injection-locking  to  a  sideband  of  a  modulated  laser  to  generate  high  fre¬ 
quency  microwave  signals  has  recently  been  proposed  and  demonstrated 
[10,  15].  It  has  also  recently  been  demonstrated  that  high  frequency  mil¬ 
limeter  wave  signals  to  64  GHz  can  be  generated  through  injection-locking 
[30] ,  for  application  in  mobile  communications  systems. 

4.2  Analysis  of  DFB  laser  injection-locking 

In  this  section,  we  will  review  the  theory  of  the  injection-locked  semiconduc¬ 
tor  laser.  We  will  derive  some  important  parameters  regarding  the  injection¬ 
locking  frequency  range,  injection  power  ratio,  and  stability  of  injection 
locking. 

In  the  DFB  semiconductor  lasers  used  in  the  Photonic  Synthesizer,  the 
longitudinal  modes  other  than  the  main  mode  (i.e.,  side-modes)  are  highly 
suppressed  and  dynamic  single  mode  operation  is  ensured  by  the  mecha¬ 
nism  of  distributed  feedback.  We  thus  use  the  well-known  single-mode  rate 
equations  for  the  laser  field  and  carrier  density  [25]  -  [27].  We  develop  rate 
equations  for  the  slave  laser  receiving  the  injected  field  from  the  master  laser. 
We  assume  there  is  no  injection  from  the  slave  laser  back  to  the  master  laser. 

The  DFB  semiconductor  laser  with  an  external  optical  injection  field  can 


be  described  as 

jp  1  c  _ 

^  =  [rG;v(iV-iVo)--]P  +  7-x/^cos0,  (1) 

etc  T'p  l^Th 

^  +  (2) 

^  =  47---^h(^-^o)P/V,  (3) 

dt  eV  Te 

where  the  electric  field  of  the  slave  laser  is  defined  as 

E  =  (4) 

and  the  master  laser  injection  electric  field  is 

Ei  =  (5) 


Other  parameters  are: 

P:  photon  number  of  the  slave  laser, 

Pi',  photon  number  of  the  master  (injection)  laser. 
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4>-.  phase  of  the  electric  field  for  the  slave  laser, 

(pf  phase  of  the  electric  field  for  the  master  laser, 

6  =  (f}-  —  (j):  phase  difference  between  the  master  laser  and  the  slave  laser , 
Ao;  =  iOi  —  cj:  detuning  between  the  master  laser  and  the  free-running 
slave  laser, 

N:  carrier  density, 

Nq:  carrier  density  at  transparency. 

Nth-  carrier  density  at  threshold, 

G  =  Gn{N  -  Nq)\  material  gain, 

Gn:  differential  gain, 

F:  confinement  factor, 

Tp-.  photon  lifetime, 
a:  linewidth  enhancement  factor, 

L:  laser  cavity  length, 
group  velocity, 

Te'.  carrier  lifetime, 

V:  active  volume, 

J:  injection  current, 

Tj:  coupling  coefficient  of  the  master  laiser  to  the  slave  laser. 

We  first  seek  the  steady  state  solution  of  the  system  of  equations  Eq.(l)- 
Eq.(3)  which  yields  important  information  such  as  the  conditions  for  stable 
locking.  From  Eq.(l),  setting  dP/dt  =  0,  we  have 

[TGn{N  -  No)  -  —]P  +  -^y/vPPiCose  =  0.  (6) 

Tp  JjTl 

Using  the  relation  at  laser  threshold 

-  =  TGNiNth  -  No),  (7) 

Tp 

we  obtain  from  Eq.(6) 

TG^iN  -  Nth)  = 

Substituting  Eq.(8)  into  the  phase  equation  Eq.(2),  we  obtain  the  new  phase 
equation  as 


dt 


—  Au! 


—  a  cos  9). 
2LnV  P  ^  ’ 


(9) 
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We  then  define  two  new  parameters  as 

(10) 
(11) 

We  can  then  rewrite  Eq.  (9)  using  these  two  parameters  as 


6o  =  arctan  a. 


^  ^-Aij  +  Ksini0-eo).  (12) 

at 

Eq.(12)  is  the  well-known  Adler’s  equation  which  describes  injection  lock¬ 
ing  of  two  oscillators  [18].  When  the  two  lasers  are  free-running  their  fre¬ 
quency  detuning  satisfies  the  condition 


-K  <Au)<  K.  (13) 

The  phase  Eq.(12)  has  the  stationary  solution  of 

6  =  6o  +  arcsin  4-  q2Tr  (14) 

K 

where  q  is  an  integer.  Eq.(12)  has  another  stationary  solution 

Auj 

0  =  00  +  TT  —  arcsin  — ^  4- g27r,  (15) 

K 

however,  this  solution  is  not  stable  since  it  yields  cos(0  —  9o)  <  0.  So  we 
only  consider  the  stable  solution  given  by  Eq.(14). 

The  condition  given  by  Eq.(13)  is  the  so-called  injection-locking  condi¬ 
tion:  for  a  given  injection  power,  it  determines  the  maximum  detuning  for 
locking  of  the  master  and  slave  lasers.  We  rewrite  the  locking  condition  of 
Eq.(13)  by  replacing  parameter  K  with  the  original  laser  cavity  parameters 
as  given  in  Eq.(lO) 


|Aa;|  < 


(16) 


We  shall  call  the  maximum  detuning  the  locking  bandwidth.  Fig.21  displays 
an  example  of  the  locking  bandwidth  as  a  function  of  the  ratio  of  injection 
power  to  the  slave  laser  vs.  its  output  power.  The  above  locking  condition 
defines  the  boundary  of  the  frequency  detuning  for  the  injection  locking. 

All  the  points  inside  the  two  curves  given  by  |Aa;|  = 


4- 

are  stationary  solutions,  which  means  any  detuning  value  falling  inside  this 
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Figure  21:  Locking  range  as  a  function  of  the  injection  power  to  DFB  slave 
laser  output  power  ratio,  Pi/P  (dB).  When  the  frequency  detuning  value 
Aui  is  inside  the  area  defined  by  these  two  curves,  the  slave  laser  phase  can 
lock  to  the  master  laser  phase. 

range  will  guarantee  locking  of  the  slave  laser  phase  to  the  master  laser. 
For  detuning  values  lying  outside  the  two  curves,  the  slave  laser  phase  can 
not  lock  to  the  master  laser  phase.  As  we  see  from  the  locking  condition, 
the  locking  range  increases  as  the  injection  level  increases.  However,  as 
will  be  shown  in  the  following  stability  analysis,  the  stationary  solution  is 
unconditionally  stable  only  when  the  injection  level  is  smaller  than  a  certain 
threshold  level. 

We  use  the  following  parameters,  which  approximate  the  DFB  slave 
lasers  used  in  our  experiments,  to  produce  the  theoretical  calculations  used 
in  Fig.21  and  throughout  the  remainder  of  this  analysis:  DFB  laser  cavity 
mode  spacing  ^  =  ^0  GHz,  linewidth  enhancement  factor  a  =  5,  injec¬ 
tion  coupling  ratio  rj  =  2.6%.  These  parameters  yield  the  overall  parameter 
+  =  33  GHz  which  is  used  in  Eq.(16)  to  produce  the  curves  in 

Fig.21. 
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4.3  Stability  analysis  of  injection-locked  lasers 

Instabilities  in  the  injection-locking  of  lasers  have  been  studied  extensively. 
It  was  found  that  the  steady-state  condition  discussed  in  the  previous  sec¬ 
tion  can  become  unstable  when  the  injection  level  increases  beyond  a  cer¬ 
tain  level.  Since  injection-locking  as  described  by  Eq.(l-3)  is  a  nonlinear 
dynamical  system  with  three  variables,  many  interesting  phenomena  such 
as  Hopf-bifurcation,  period-doubling,  and  chaos  have  been  observed  in  this 
system  [36,  37].  However,  in  this  work  we  are  concerned  with  maintaining 
stable  injection- locking,  so  we  next  perform  a  thorough  investigation  of  the 
parameter  space  with  a  goal  of  maximizing  the  set  of  stable  solutions. 

Following  the  standard  method  to  analyze  the  stability  of  the  steady- 
state  solution,  we  define  a  small  perturbation  around  the  stationary-state 
values  of  the  photon  number,  carrier  density,  and  phase: 


Pit) 

=  P  +  6Pit), 

(17) 

Nit) 

=  N  +  SNit), 

(18) 

(pit) 

=  (p  6<pit). 

(19) 

We  then  use  these  definitions  to  linearize  equations  Eq.(l-3) 

p  cos  66P{t)  +  2pP  sin  96(f>(t)  +  TGNPSN{t),  (20) 

^^6P{t)  -  p cos  96(t>{t)  +  ^aTGN6N{t),  (21) 
^SP{t)  -  —5Nit),  (22) 

where  we  have  defined  two  new  parameters 


d8P{t) 

dt 

d64>{t) 

dt 

d6N{t) 

dt 


1  1  GnP 

-R  = 


(23) 

(24) 


The  parameter  p  is  the  so-called  normalized  optical  injection  level,  which 
has  units  of  frequency;  tr  is  the  damping  time  of  the  relaxation  oscillation 
for  the  free-running  DEB  laser  diode. 

The  eigenvalues  A  of  the  above  linear  equations  satisfy  the  relation 


-A  —  pcos9 

psinO 

y 


2pP  sin  9  TGnP 

—X  —  pcos9  ^aTG^ 
0  -A-i^ 
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This  leads  to  a  cubic  algebraic  equation  for  the  eigenvalue  A 


A^ 

-f-  02^^  -t-  ojA  -fi  oo  —  0, 

(26) 

where  the  coefficients  are 

02  = 

1 

- h  2pcos6’, 

Tr 

(27) 

Ol  = 

—  cos  0  -b  UJr, 

Tr 

(28) 

oq  = 

— — h  pco^(asin0  -b  cos^), 

Tr 

(29) 

and  the  parameter 

IGnP 

(30) 

is  the  relaxation  frequency  of  the  slave  laser. 

For  the  weak  injection  level  as  in  the  case  of  our 

experiments,  the 

injection-locked  state  becomes  unstable  when  the  damping  rate  of  the  re¬ 
laxation  oscillation  at  approximately  frequency  ujr  becomes  zero.  This  cor¬ 
responds  to  the  situation  where  the  eigenvalue  A  crosses  the  imaginary  axis 
in  the  complex  plane.  At  the  instability  boundary,  the  eigenvalue  becomes 
a  pure  imaginary  number 

Ai,2  (21) 

where  we  have  used  the  condition  wr  ^  p,  which  is  valid  under  the  assump¬ 
tion  of  weak  injection  level.  In  our  experiment,  the  typical  value  of  ujr  is 
around  6-10  GHz,  while  the  value  of  p  is  less  than  0.7  GHz. 

Substituting  Eq.(31)  into  the  eigenvalue  equation  Eq.(26),  we  obtain  the 
stability  boundary  as  given  by 

=  p(a  sin  9  —  cos  9) .  (32) 

tr 

Using  the  definition  given  by  Eq.(lO-ll),  Eq.(32)  can  be  rewritten  as 

—  = -Kcos{9  +  9o).  (33) 

tr 

Eq.(33)  shows  that  if 

K<—,  (34) 

tr 
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there  is  no  solution  that  satisfies  Eq.(33),  which  means  that  under  this  con¬ 
dition  the  injection  locking  solution  is  unconditionally  stable.  Eq.(34)  thus 
sets  an  upper  limit  for  the  injection  level;  as  long  as  the  injection  level  is 
smaller  than  this  level,  the  injection  locking  is  always  stable. 

On  the  other  hand,  when  the  injection  level  approaches  the  level  such 
that 

K>—,  (35) 

tr 

we  have  instabilities,  since  there  can  be  no  solutions  of  phase  that  satisfy 
Eq.(33).  However,  even  under  these  conditions,  there  are  steady  states  which 
do  not  meet  Eq.(33)  but  are  still  stable.  A  range  of  values  inside  the  bound¬ 
ary  of  the  steady  state  as  shown  in  Fig.21  become  unstable,  while  a  small 
set  of  values  still  stable.  The  boundary  defining  this  range  can  be  calculated 
from  Eq.(33).  In  fact,  we  obtain  from  Eq.(33) 


6  =  TT  —  arccos( — —  Oq,  and 

TrK 

(36) 

0  =  TT  +  arccos( — — )  —  6o 

TrK 

(37) 

and  from  Eq.(12)  the  detuning  is  given  as 

Auj  =  K  sin(0  -  ^o)- 

(38) 

Substituting  Eq.  (36,37)  into  Eq.(38),  we  obtain  the  two  instability  bound¬ 
aries 

Aw  =  A  sin[20o  +  arccos( — ^)],  and 

TrK 

(39) 

Aw  =  A  sin[20o  —  arccos( — — )]. 

TrK 

(40) 

In  Fig. 22,  we  plot  the  instability  boundaries  given  by  Eq.(39,40).  We 
chose  typical  parameters  for  our  semiconductor  laser  to  have  carrier  lifetime 
Te  =  2  X  10“®  s  and  photon  life  time  Tp  =  2  x  10“^^  s;  other  parameters  are 
the  same  as  used  in  the  previous  calculations  plotted  in  Fig.21.  We  assume 
a  value  of  the  relaxation  oscillation  frequency  of  6  GHz  which  is  within  the 
range  measured  for  our  laser.  This  yields  a  damping  rate  of  =  3.3  GHz. 
Prom  Fig. 22,  we  can  see  that  as  long  as  the  injection  level  ratio  is  lower 
than  about  -20  dB,  the  locking  solution  is  always  stable.  However,  at  high 
injection  levels,  a  large  portion  of  the  area  within  the  locking  range  boundary 


41 


18  _ 


Figure  22:  Stable  and  unstable  injection-locking  range  as  a  function  of  in¬ 
jection  power  level.  The  area  inside  the  lines  is  the  stable  region. 

becomes  unstable.  An  interesting  feature  of  this  plot  is  that  the  unstable 
area  is  asymmetric  with  respect  to  the  detuning.  Almost  all  the  positive 
detuning  is  unstable  for  large  injection  levels,  while  a  portion  of  negative 
detuning  close  to  the  locking  boundary  remains  stable.  There  are  essentially 
no  practical  consequences  of  this  instability  region  for  the  operation  of  the 
Photonic  Synthesizer,  since  the  injection  locking  range  must  be  kept  less 
than  the  mode-locked  laser  mode  spacing  of  1  GHz,  which  occurs  at  optical 
injection  ratios  less  than  -20  dB. 

4.4  Experimental  confirmation  of  injection-locking  analysis 

Experiments  were  performed  to  confirm  the  theoretical  predictions  of  the 
locking  range  as  a  function  of  injection  power  and  frequency  detuning  for 
our  CW  DFB  lasers  using  the  setup  illustrated  in  Fig.23.  Both  the  master 
laser  and  slave  laser  are  DFB  lasers  operated  as  CW  sources.  These  are 
the  same  type  of  lasers  used  as  the  slave  lasers  in  the  Photonic  Synthesizer. 
The  master  laser  is  injected  into  the  slave  laser  through  a  10/90  fiber-optic 
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Figure  23:  Experimental  setup  used  to  measure  the  injection  locking  fre¬ 
quency  range  as  a  function  of  injection  power  level  for  two  CW  DFB  lasers. 


coupler.  Two  optical  isolators  with  isolation  of  more  than  50  dB  each  are 
used  to  prevent  any  coupling  back  from  the  slave  laser  to  the  master  laser. 
An  optical  power  meter  is  used  to  measure  the  master  laser  injection  level 
through  a  secondlO/90  fiber-optic  coupler. 

A  high-accuracy  wavemeter  was  used  to  measure  the  absolute  frequency 
of  the  optical  output  from  both  lasers.  The  wavemeter  accuracy  is  ±0.0001 
nm  or  ±0.03  GHz  with  ±0.01  GHz  resolution.  Both  outputs  from  the  slave 
laser  and  master  laser  were  combined  with  a  fiber-optic  coupler  and  displayed 
simultaneously  using  a  Newport  Supercavity  optical  spectrum  analyzer  to 
observe  the  locked  and  unlocked  states.  To  determine  the  locking  range,  we 
first  adjusted  the  slave  laser  frequency  to  be  within  the  locking  range,  such 
that  the  slave  laser  become  locked  to  the  master  laser.  This  is  accomplished 
by  adjusting  the  laser  temperature  and  current.  After  the  slave  laser  is 
locked  to  the  master  laser,  we  carefully  changed  the  slave  laser  current  until 
the  slave  laser  unlocked  from  the  master  laser,  which  was  observed  as  a 
sharp  jump  of  the  slave  laser  frequency.  We  then  measured  the  frequency 
difference  between  the  master  laser  and  the  free-running  slave  laser  with 
the  wavemeter.  This  value  is  the  detuning  at  the  locking  boundary  for  a 
given  injection  level.  The  same  procedure  was  repeated  at  several  different 
injection  power  levels  for  both  positive  and  negative  frequency  detuning. 

Fig.24  summarizes  the  experimental  results  for  the  locking  range  as  a 
function  of  the  injection  level.  To  generate  the  theoretical  fit,  we  used  the 
same  parameters  as  in  Fig.21.  They  are:  DFB  laser  cavity  mode  spacing 
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Figure  24;  Experimental  data  and  theoretical  fit  for  the  locking  frequency 
range  as  a  function  of  injection  power  level. 
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2^;^  =  40  GHz,  linewidth  enhancement  factor  0  =  5.  These  values  closely 
match  the  DFB  lasers  used  in  the  experiments  and  they  are  used  throughout 
this  report  for  all  theoretical  calculations.  However,  it  is  difficult  to  estimate 
the  coupling  ratio  from  the  injection  master  laser  to  the  slave  laser,  and  it 
is  the  only  parameter  we  need  to  adjust  in  order  to  fit  the  experimental 
data.  In  this  case,  a  coupling  ratio  oi  rj  —  2.6%  yields  the  best  fit  to  the 
experimental  data. 

As  we  further  increase  the  injection  power  to  the  slave  laser,  we  observe 
the  excitation  of  the  oscillation  at  relaxation  frequency  lor.  This  can  be 
observed  using  the  Supercavity  optical  spectrum  analyzer,  as  Fig. 25  shows 
there  are  two  smaller  symmetric  modulation  peaks  that  appear  in  the  slave 
laser  optical  spectrum.  To  verify  that  these  two  modulation  peaks  are  indeed 
at  the  relaxation  frequency  as  Eq.(31)  predicts,  we  measure  the  frequencies 
of  these  oscillations  for  different  slave  laser  output  power  levels.  The  laser 
relaxation  frequency  is  proportional  to  the  square  root  of  the  laser  output 
power  as  shown  in  Eq.(30).  We  therefore  should  be  able  to  fit  the  mea¬ 
sured  slave  laser  modulation  frequency  when  it  is  in  the  instability  zone  as 
Fig.25(c)  shows.  Eig.  26  displays  the  measured  modulation  frequency  and 
the  theoretical  fitting  using  the  relation  derived  from  Eq.(30) 

fR  =  bVP,  (41) 

where  b  is  the  fitting  parameter  used  in  the  figure,  P  is  the  optical  output 
power  in  mW,  /r  =  u}Rf2'K  is  the  relaxation  frequency  in  GHz.  From  the 
figure  we  see  that  the  data  falls  within  ±5%  from  the  best  fitting  parameter 
6  =  0.99.  This  confirms  the  oscillation  we  observe  is  indeed  the  relaxation 
frequency  as  we  analyzed  in  the  previous  section. 

4.5  Phase  noise  Einalysis  of  injection-locked  lasers 

Phase  noise  of  injection-locked  lasers  has  been  the  subject  of  intensive  pre¬ 
vious  study  [20,  21,  22,  23,  24,  25,  26,  27,  28,  29].  It  was  found  that  the  slave 
laser  phase  follows  only  the  phase  fluctuations  of  the  master  laser,  so  the 
slave  laser  linewidth  will  be  equal  to  the  linewidth  of  the  master  laser,  inde¬ 
pendent  of  the  output  power  of  the  slave  laser.  In  this  section,  we  present 
a  review  and  detailed  discussion  of  the  phase  noise  of  injection-locked  semi¬ 
conductor  lasers.  This  will  form  the  theoretical  basis  for  understanding  the 
phase  noise  of  the  heterodyne  output  of  the  Photonic  Synthesizer. 

The  small  phase  fluctuations  of  the  slave  laser  and  the  master  laser  are 
defined  as  6(l){t)  and  respectively,  and  are  assumed  to  be  much  less 
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Figure  25:  Illustration  of  optical  spectrum  analyzer  display  during  the 
injection-locking  experiments.  The  solid  line  is  the  slave  laser;  the  dashed 
line  is  the  master  laser,  (a).  The  slave  laser  is  in  the  free-running  condition 
with  no  injection  from  the  master  laser.  There  is  a  small  amount  of  detun¬ 
ing  between  the  frequency  of  the  master  laser  and  the  slave  laser,  (b).  The 
slave  laser  frequency  is  locked  to  the  master  laser  with  low  injection  level,  so 
the  slave  laser  is  stable,  (c).  Further  increasing  the  injection  level,  the  slave 
laser  is  driven  into  the  instability  zone.  Two  side  modes  at  the  relaxation 
oscillation  frequency  are  developed  due  to  the  excitiation  of  the  oscillation 
by  the  high  injection  level. 
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Figure  26:  Measured  oscillation  frequency  as  a  function  of  slave  laser  output 
power.  The  solid  line  is  the  best  fit;  the  long  dash  and  short  dash  lines  are 
the  fitting  with  parameters  ±5%  different  from  the  best  fitting  parameter. 
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than  one  cycle  of  phase.  We  can  obtain  the  equations  for  phase  fluctuations 
by  linearizing  the  phase  equation  (12)  around  the  stationary  solution, 


=  Kcos{e  -  eo)[6<f>S)  -  +  F{t).  (42) 

dt 

We  omit  the  noise  terms  due  to  the  slave  and  master  laser  relative  intensity 
noise  (RIN)  contributions  to  the  phase  fluctuation  in  Eq.(42),  since  they 
are  much  smaller  than  the  phase  noise  contribution  from  the  master  laser, 
and  the  slave  laser  spontaneous  emission  noise  term,  F{t).  The  sponta¬ 
neous  emission  noise  of  the  slave  laser,  F(t)^  is  related  to  the  laser  quantum 
Langevin  noise  sources  from  the  semi-classical  model  of  the  semiconductor 
laser  as 

F(t)  =  F^t)  +  (43) 

Fp{t)  and  F^{t)  are  the  Langevin  noise  sources  for  the  laser  intensity  and 
phase  respectively.  They  are  independent  Markov  process  satisfying 

{Fp{t)Fp{t-T))  =  2RP6{t),  (44) 

{F4,im{t-T))  =  (45) 

where  i?  =  ^  is  the  spontaneous  emission  rate;  Ugp  is  the  so-called  inver¬ 
sion  factor  while  Tp  is  the  photon  lifetime.  Eq.(43)  shows  that  due  to  the 
linewidth  enhancement  factor  a,  the  laser  intensity  fluctuation  noise  source 
Fp{t)  is  coupled  to  the  total  laser  phase  noise  source  F{t). 

Before  we  analyze  the  phase  noise  of  the  injection-locked  laser,  we  first 
briefly  discuss  the  phase  noise  of  the  free-running  laser,  and  calculate  the 
laser  linewidth.  The  phase  fluctuations  of  the  free-running  laser  without 
injection  are  given  by  eliminating  the  injection  term  in  Eq.(42),  which  yields 


d6(j){t) 

dt 


=  F{t). 


The  Fourier  transform  of  the  above  equation  is 

F{f) 


sm  = 


j2TTf' 


The  power  spectrum  of  the  phase  noise  is  thus  given  by 

S6<t>{f)  =  27r/2’ 


(46) 


(47) 


(48) 
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where  Ai/  is  the  laser  linewidth.  It  is  calculated  as 

+  (49) 

where  we  used  Eq.  (44,45)  to  obtain  Ai/.  The  laser  linewidth  Au  is  inversely 
proportional  to  the  laser  output  power.  The  semiconductor  laser  linewidth 
enhancement  factor  a  broadens  the  laser  linewidth  considerably.  The  power 
spectrum  is  Lorentzian  with  a  pole  at  Fourier  frequency  /  =  0. 

We  now  return  to  the  phase  noise  of  the  injection- locked  laser.  We  define 
a  new  parameter  as 


Vl  =  K  cos{d  —  Oq). 

For  the  stationary  state,  we  have  from  Eq.(12)  the  relation 

Auj  =  K  sin(0  —  6o). 


Therefore,  we  obtain 


and 


cos{6  —  6o) 


-  Au}^ 
K 


-  Aa;2. 


(50) 


(51) 


(52) 


(53) 


From  Eq.(42),  we  obtain  the  Fourier  transform  of  the  phase  fluctuation 


H{f)  = 


Q-b  j27r/ 


n  +  j2'Kf' 


(54) 


The  phase  noise  power  spectrum  in  the  injection  locked  condition  is  thus 
given  by 


S64>{f)  -  47^2  +  ^^^2  f2  ' 


(55) 


Since  the  master  laser  is  free-rimning,  its  phase  noise  power  spectrum  is 
given  by  Eq.(48) 


S6(i>{f)  —  2^ p ' 


(56) 


where  Avi  is  the  linewidth  of  the  free-running  master  laser. 


49 


Therefore,  the  optical  phase  noise  power  spectrum  for  the  injection- 
locked  laser  becomes 


-56^171  -  +  47^2/2  27r/2  ^  +  A-k^P  ■ 


(57) 


The  power  spectrum  has  a  pole  at  zero  frequency  from  the  master  laser, 
which  becomes  the  dominant  term  for  the  injection-locked  laser.  This  result 
indicates  that  the  slave  laser  phase  will  follow  the  master  laser  phase  fluc¬ 
tuations  in  the  injection-locked  condition.  In  fact,  Eq.(57)  gives  the  same 
linewidth  as  the  master  laser  [16]. 


4.6  Residual  phase  noise  of  the  Photonic  Synthesizer 

Applying  the  results  developed  in  the  previous  section  for  the  phase  noise 
of  the  injection- locked  lasers,  we  may  now  analyze  the  phase  noise  of  the 
Photonic  Synthesizer. 

We  first  examine  the  phase  noise  of  the  mode-locked  laser.  We  are  in¬ 
terested  in  the  correlation  of  the  phase  fiuctuations  of  the  individual  modes 
of  the  mode-locked  laser.  Assuming  the  phase  fluctuation  of  the  RF  source 
that  drives  the  mode-locked  laser  is  given  by  the  phase  noise  of  any 
two  longitudinal  modes  numbered  i  and  k  of  the  mode-locked  laser  can  be 
written  as 


6(pi  =  S(pQ  +  iS(f>fi,  (58) 

S(f)f.  =  -I-  k6(j)ji.  (59) 

Mode  i  and  mode  j  are  separated  from  each  other  in  the  frequency  domain 
by  {k  —  j)fR  =  mfR,  where  /r  is  the  frequency  of  the  RF  driving  source. 
6(f)Q  is  the  common  phase  fluctuation  for  all  modes  of  the  mode-locked  laser 
due  to  spontaneous  emission  noise,  similar  to  the  single-mode  free-running 
laser  case.  We  assume  6(I)q  is  the  same  for  all  modes  of  the  mode-locked 
laser,  which  turns  out  to  be  a  reasonable  assumption.  The  value  of  6(j)Q  is 
generally  much  larger  than  the  RF  phase  noise  6(pR,  since  the  linewidth  of 
the  laser  is  typically  on  the  order  of  1  MHz,  while  the  linewidth  of  the  RF 
oscillator  is  on  the  order  of  0.001  Hz  or  less.  In  the  Photonic  Synthesizer, 
mode  i  and  mode  j  are  filtered  out  using  the  injection-locking  technique  or 
some  other  very  narrow  optical  filtering  technique  and  their  photodetected 
beat  generates  an  RF  signal  at  frequency  of  mfR.  Assuming  that  there  are 
no  large  optical  path-length  differences  for  the  two  modes,  we  expect  that 
the  phase  noise  6(pQ  common  to  the  two  modes  will  cancel  out,  resulting 
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in  a  high-quality  RF  signal  with  phase  noise  determined  largely  by  the  RF 
driving  oscillator,  but  with  some  added  noise  due  to  the  injection-locking 
process. 

In  the  injection-locked  case,  the  whole  comb  of  the  mode-locked  laser  is 
injected  into  the  two  CW  DFB  lasers.  Suppose  DFB  laser  #1  is  locked  to 
mode  2,  DFB  laser  #2  is  locked  to  mode  k.  Then,  using  the  results  from  the 
previous  section  and  Eq.(54),  we  obtain  the  phase  noise  for  laser  #1  and 
laser  #2  as 


Hiif) 

SMf) 


+  j27r/ 
^2 

+j27r/ 


(60) 

(61) 


The  locking  bandwidths  in  our  injection- locking  experiments  are  in  the  range 
of  several  hundred  MHz  to  1  GHz.  We  adjust  the  detuning  to  be  less  than 
100  MHz,  so  that  and  CI2  are  in  the  range  of  several  hundred  MHz  as 
well.  We  are  interested  in  the  resulting  photodetected  RF  signal  phase  noise 
at  frequency  offsets  from  the  RF  carrier  of  100  Hz  to  100  kHz.  Therefore  we 
have  Qi,Q2  >  2?:/.  We  thus  can  approximate  Eq.(60-61)  as 


SMf) 

(62) 

SMf) 

(63) 

The  phase  noise  of  the  resulting  RF  signal  at  frequency  of  mfn  due  to 
the  heterodyne  photodetection  of  laser  #1  and  laser  #2  is  given  by 


^</'2i(/)  =  #2(/)  -  + 


Fiif) 


-[- 


F2if) 


Cli+j2nf  n2+i27r/ 


(64) 


For  simplicity,  we  assume  both  DFB  lasers  have  the  same  locking  bandwidth 
and  detuning,  so  =  112.  We  also  assume  both  lasers  have  the  same 
linewidth  Au.  In  this  case,  the  phase  noise  power  spectrum  of  the  Photonic 
Synthesizer  output  is 

Ss^Jf)  =  m^SR{f)  +  ^.  (65) 


‘S'h(/)  is  the  phase  noise  power  spectrum  for  the  RF  source  that  drives  the 
mode-locked  laser.  The  first  term  in  Eq.(65)  is  the  multiplied  phase  noise 
of  the  RF  source.  Because  the  output  RF  signal  frequency  is  m  times  the 
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fundamental  frequency  //j  of  the  RF  source,  this  phase  noise  follows  the  rule 
of  201og(m).  The  last  term  of  Eq.(65)  represents  the  added  noise  or  residual 
phase  noise  of  the  Photonic  Synthesizer  due  to  the  injection-locking  process. 
It  is  a  function  of  which  depends  on  locking  range  and  detuning.  This 
last  term  depends  linearly  on  the  slave  laser  linewidth  Au,  where  we  have 
assumed  that  both  slave  lasers  have  the  same  instantaneous  linewidth.  We 
note  that  this  analysis  neglects  any  residual  phase  noise  added  by  the  mode- 
locked  laser.  This  is  equivalent  to  our  assumption  that  the  only  noise  source 
in  the  mode-locked  laser  is  spontaneous  emission  noise  that  is  common  to 
all  modes.  If  the  actively  mode-locked  laser  is  well  designed  with  minimum 
detuning,  its  contribution  to  the  RF  phase  noise  is  smaller  than  the  RF 
driving  source  for  most  cases  [11].  However,  if  the  laser  is  incompletely 
mode-locked,  or  if  other  technical  noise  sources  cause  perturbations  of  the 
phases  of  the  individual  modes,  then  the  phase  noise  could  be  degraded 
beyond  the  result  of  Eq.(65). 


The  residual  phase  noise  of  the  Photonic  Synthesizer  is  defined  as  the 
noise  contribution  above  the  multiplied  reference  oscillator  phase  noise.  It 
is  given  by 


^  ^-kAv  AttAu 

Sresif)  -  -  K^-  Aw2' 


(66) 


Here  we  have  explicitly  replaced  using  the  locking  range  and  detuning 
We  note  that  Sres[f)  is  constant  versus  frequency  offset  /,  since  we 
have  assumed  that  is  on  the  order  or  several  hundred  MHz.  In  Fig.27, 
we  plot  the  Sres{f)  as  function  of  the  locking  range  K  assuming  detuning 
Au)  =  0  for  two  different  slave  laser  intrinsic  linewidths  Av  of  100  kHz  and 
1  MHz.  From  Fig.27,  we  see  that  the  residual  phase  noise  decreases  as  the 
locking  range  increases.  However,  in  our  case  we  can  not  increase  the  locking 
range  beyond  500  MHz,  or  other  modes  will  introduce  large  sidebands  in  the 
resulting  RF  signal.  The  residual  phase  noise  also  decreases  as  the  slave  laser 
linewidth  decreases.  This  motivates  the  choice  of  narrow-linewidth  lasers  to 
achieve  the  lowest  residual  phase  noise. 

In  Fig.28,  we  plot  the  residual  phase  noise  of  the  Photonic  Synthesizer 
as  a  function  of  the  detuning  for  locking  ranges  of  500  MHz  and  1000  MHz. 
We  use  a  slave  laser  linewidth  of  1  MHz  in  these  calculations.  The  residual 
phase  noise  decreases  with  smaller  detuning.  When  the  detuning  value  ap¬ 
proaches  the  locking  range,  the  residual  phase  noise  increases  very  rapidly. 
In  order  to  obtain  the  minimum  residual  phase  noise  in  practice,  the  slave 
laser  frequencies  must  be  adjusted  so  that  the  detuning  is  minimized.  How- 
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Locking  Range  (MHz) 


Figure  27:  Photonic  synthesizer  residual  phase  noise  Sres{f)  as  a  function 
of  the  locking  range  K.  We  assume  the  master-slave  laser  detuning  Auj  =  0; 
the  calculation  is  performed  for  the  cases  of  slave  laser  intrinsic  linewidth  of 
100  kHz  and  1  MHz. 
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Figure  28;  Photonic  synthesizer  residual  phase  noise  as  a  function  of  the 
detuning  Au  for  locking  range  K  of  500  MHz  and  1000  MHz.  We  assume 
the  slave  laser  linewdiths  are  1  MHz. 


54 


Figure  29:  Calaxlated  SSB  phase  noise  of  the  Photonic  Synthesizer  from 
Eq.(65).  We  assume  the  RF  source  follows  the  ideal  -201og(/)  rule  for  its 
close-to-carrier  phase  noise  and  has  -120  dBc/Hz  at  1  kHz  offset.  We  also 
assume  1  MHz  slave  laser  linewidths,  500  MHz  locking  range,  and  100  MHz 
detuning.  The  dashed  line  is  the  residual  phase  noise  represented  by  the 
second  term  in  Eq.(65),  which  sets  the  lowest  limit  for  the  achievable  phase 
noise  for  the  assumed  parameters. 


ever,  it  is  fortuitous  that  the  residual  phase  noise  level  is  not  a  very  strong 
function  of  detuning.  In  fact,  the  phase  noise  level  changes  only  1.5  dB  for 
values  in  the  range  of  zero  detuning  to  detuning  of  70%  of  the  locking  range. 
These  considerations  define  the  requirements  on  the  tuning  accuracy  of  the 
slave  lasers  to  achieve  a  given  level  of  performance. 

Finally,  we  plot  the  theoretical  estimation  of  the  single  side-band  (SSB) 
phase  noise  for  the  Photonic  Synthesizer  in  Fig.29.  For  the  purposes  of  the 
calculation,  we  model  the  1  GHz  RF  source  phase  noise  as 


SrU)  = 


Ai/fl 

27r/2’ 


(67) 


where  we  use  Avr  =  6.28  /xHz  which  results  in  SSB  phase  noise  of  -120 
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dBc/Hz  at  offset  of  1  kHz  that  is  very  close  to  our  measured  value  from 
Fig.  17.  We  use  1  MHz  for  the  slave  laser  linewidths,  which  is  close  to  the 
measured  linev'idths  of  the  DFB  lasers  used  in  the  experiments.  We  assume 
the  locking  range  is  approximately  500  MHz  and  the  detuning  is  100  MHz. 
Fig.  29  shows  that  the  phase  noise  at  offsets  close  to  carrier,  such  as  1  kHz 
or  less,  approximately  follows  the  20  log(m)  rule.  For  offsets  further  away 
from  the  carrier,  such  as  100  kHz  or  greater,  the  residual  phase  noise  of  the 
photonic  synthesizer  is  the  limiting  factor. 

We  note  that  in  practice,  other  broadband  AM  noise  such  as  the  noise 
of  the  RF  amplifier  following  the  photodetector  may  add  additional  noise. 
These  results  indicate  that  high-quality  phase  noise  performance  is  achiev¬ 
able  for  the  parameters  appropriate  to  the  devices  used  in  the  first  concept 
demonstration  of  the  Photonic  Synthesizer.  The  analysis  indicates  that 
lower  linewidth  DFBs  and  wider  mode  spacing  of  the  mode-locked  laser, 
thus  allowing  for  larger  locking  range,  are  both  expected  to  improve  the 
residual  phase  noise  performance.  Also,  the  use  of  a  higher-quality  RF  ref¬ 
erence  oscillator  will  improve  the  absolute  phase  noise  performance  at  low 
offset  frequencies  from  the  carrier. 
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Figure  30;  Schematic  diagram  of  actively  mode-locked  external  cavity  semi¬ 
conductor  laser. 

5  Experimental  Results  for  Photonic  Synthesizer 
Using  Semiconductor  Mode-Locked  Laser 

5.1  Construction  of  the  semiconductor  mode-locked  laser 

As  we  have  discussed  in  the  previous  sections,  the  mode-locked  laser  is  the 
heart  of  the  Photonic  Synthesizer.  It  is  a  critical  component  in  the  system 
and  its  performance  directly  influences  the  overall  performance  of  the  Pho¬ 
tonic  Synthesizer.  Although  developing  a  mode-locked  laser  suitable  for  the 
Photonic  Synthesizer  application  was  not  the  main  goal  of  this  project,  the 
lack  of  a  commercially-available  mode-locked  laser  usable  in  the  Photonic 
Synthesizer  forced  us  to  spend  considerable  time  and  effort  to  understand 
and  optimize  the  mode-locked  laser,  and  to  engage  in  joint  development 
with  suppliers.  In  this  section,  we  discuss  the  external-cavity  semiconductor 
mode-locked  laser  used  in  the  proof-of-concept  Photonic  Synthesizer  exper¬ 
iments. 

The  semiconductor  mode-locked  laser  has  been  the  subject  of  extensive 
research  for  over  a  decade  [38]-[44].  The  motivation  for  research  on  semicon¬ 
ductor  mode-locked  lasers  derives  from  the  potential  applications  as  a  source 
of  ultra  short  pulses  for  electro-optic  sampling  systems  [45,  46],  optical  clock 
distribution  [47,  48],  and  as  a  source  for  high  speed  data  communication  sys¬ 
tems  [49]. 

The  external  cavity  mode-locked  semiconductor  used  in  this  work  was 
jointly  developed  with  Sarnoff  Research  Center.  Fig.  30  illustrates  the 
configuration  of  the  laser:  it  consists  of  a  semiconductor  laser  amplifier,  two 
collimating  lenses,  a  grating  reflector,  an  output  coupler,  an  isolator,  and  a 
flber-optic  coupler. 

The  gain  element  is  a  multi-quantum  well  InGaAsP  angled-stripe  ampli¬ 
fier  chip  with  anti-reflection  coating  (lower  than  0.1%  reflectivity)  at  both 
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facets.  The  chip  is  mounted  p-side  up  on  a  copper  stud  cooled  by  a  ther¬ 
moelectric  cooler  (TEC)  and  controlled  with  a  thermistor.  Due  to  the 
angled-stripe  design,  the  optical  axis  of  the  light  is  off-normal,  at  an  an¬ 
gle  of  21°,which  reduces  the  tendency  of  the  chip  to  lase  off  of  its  facets. 
The  chip  therefore  acts  as  a  superluminescent  diode  when  forward  biased, 
and  the  laser  cavity  is  formed  by  the  grating  and  output  coupler,  with  lon¬ 
gitudinal  mode  spacing  determined  by  the  cavity  length. 

The  RF  signal  used  to  drive  the  mode-locked  laser  is  a  low  phase  noise 
source  described  previously  .  It  is  coupled  to  the  chip  through  an  RF  bias 
tee  and  matching  network.  The  chip  was  characterized  using  an  RF  network 
analyzer.  It  has  a  series  resistance  of  around  2  f)  and  a  shunt  capacitance 
of  about  70  pF,  resulting  in  very  poor  matching  at  1  GHz.  To  improve 
the  RF  matching  at  1  GHz,  a  microstrip  matching  circuit  was  fabricated 
from  RT-Duroid  and  other  RF  components.  The  matching  circuit  enhances 
power  transfer  from  the  RF  source  to  the  chip  in  a  narrow  frequency  range 
centered  at  1  GHz.  The  microstrip  circuit  is  mounted  on  a  brass  fixture  that 
is  clamped  to  the  copper  heat-sink  stud  of  the  gain  chip. 

The  diffraction  grating  has  500  line/mm  and  reflectivity  of  90%.  It 
is  mounted  on  a  rotating  stage,  which  allows  adjustment  of  the  wavelength 
reflected  at  its  first  order  diffraction,  which  determines  the  center  wavelength 
of  the  mode-locked  laser.  The  tuning  range  exceeds  25  nm,  limited  by  the 
laser  amplifier  chip  gain  bandwidth.  Two  lenses  are  used  at  either  end 
of  the  chip  to  collimate  the  beam  inside  the  cavity.  The  output  mirror 
has  reflectivity  of  around  20%,  which  was  optimized  to  maximize  the  laser 
output  power. 

The  external  cavity  length  is  approximately  15  cm,  yielding  a  funda¬ 
mental  cavity  spacing  of  1  GHz.  The  length  of  the  cavity  is  adjustable  by  a 
micrometer  stage,  to  optimize  alignment  and  to  vary  the  detuning  between 
the  cavity  and  the  1  GHz  RF  source.  To  maintain  the  stability  of  the  cav¬ 
ity  modes,  the  optical  components  are  mounted  on  an  invar  baseplate.  Its 
resistance  to  thermal  expansion  provides  stability  of  one  part  in  10  in  the 
laboratory  environment. 

Outside  the  laser  cavity,  a  free  space  optical  isolator  with  40  dB  isolation 
is  used  to  prevent  any  unwanted  optical  feedback  to  the  laser.  It  was  found 
that  a  even  a  small  amount  of  optical  feedback  can  disturb  the  stable  laser 
operation.  The  laser  beam  is  then  coupled  to  a  polarization-maintaining 
fiber  coupler  with  a  GRIN  lens  with  approximately  30%  coupling  efficiency. 
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Figure  31:  Pulse  profile  of  the  external  cavity  semiconductor  mode-locked 
laser,  showing  the  minimum  pulse  width  is  about  15  ps  at  zero  detuning. 

5.2  Performance  of  the  semiconductor  mode-locked  laser 

In  this  section,  we  report  the  performance  of  our  semiconductor  mode-locked 
laser,  and  discuss  how  to  optimize  the  laser  such  that  it  yields  the  lowest 
phase  noise. 

First,  the  laser  cavity  is  aligned  for  the  maximum  power  output  at  a 
given  current.  The  laser  is  biased  just  above  threshold  at  72  mA,  which  was 
found  to  yield  the  shortest  pulse  with  lowest  noise  in  the  RF  spectrum.  The 
RF  source  delivers  25  dBm  RF  power  to  the  input  of  the  matching  circuit  to 
the  laser.  The  average  optical  output  power  is  0.5  mW  at  these  conditions. 
The  optical  power  coupled  to  the  fiber  is  only  -8  dBm  which  is  too  low  to 
perform  many  measurements,  so  an  erbium-doped  fiber  amplifier  (EDFA)  is 
used  to  boost  the  power  level  to  14  dBm. 

The  output  of  the  mode-locked  laser  is  detected  by  a  fast  photo-detector 
with  bandwidth  of  45  GHz  (New  Focus  model  1014).  We  use  a  Tektronix 
fast-sampling  oscilloscope  with  sampling  head  bandwidth  of  50  GHz  to  dis¬ 
play  the  optical  pulse.  While  observing  this  display,  the  laser  cavity  is  tuned 
to  achieve  the  minimum  pulse  width.  We  obtain  the  full  width  at  half  max¬ 
imum  (FWHM)  of  the  optical  pulse  to  be  approximately  15  ps.  Fig.  31 
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Figure  32:  RF  spectrum  of  the  semiconductor  mode-locked  laser. 


displays  the  pulse  profile  obtained  on  the  oscilloscope.  The  minimum  pulse 
width  corresponds  to  the  minimum  detuning  between  the  laser  cavity  mode 
spacing  and  the  RF  drive  frequency. 

The  corresponding  RF  spectrum  from  direct  detection  of  the  laser  pulse 
is  shown  in  Fig.  32.  The  RF  signal  generated  from  the  optical  pulse  of  the 
mode-locked  laser  consists  of  a  comb  with  1  GHz  spacing  extending  from  1 
GHz  fundamental  frequency  to  50  GHz  and  beyond.  Due  to  the  bandwidth 
of  our  photodetector  and  spectrum  analyzer,  we  were  not  able  to  examine 
signals  at  frequencies  higher  than  50  GHz. 

We  can  directly  view  the  optical  mode  structure  of  the  mode-locked 
laser  using  the  Super  cavity  optical  spectrum  analyzer.  Fig.  33  displays  the 
profile  of  the  mode  structure.  The  profile  is  not  a  perfect  Gaussian  shape, 
but  rather  has  amplitude  modulation  with  a  period  of  approximately  14  -  15 
GHz;  the  reasons  for  such  modulation  are  not  fully  understood  and  require 
further  investigation,  but  it  may  be  related  to  incomplete  suppression  of 
reflections  in  the  laser  cavity  at  the  end-faces  of  the  chip  and  lenses.  The 
total  number  of  modes  is  approximately  100  with  mode  spacing  of  1  GHz. 

We  then  measured  the  spectral  bandwidth  of  the  optical  pulse  using 
an  HP70952B  optical  spectrum  analyzer.  The  FWHM  optical  spectrum 
bandwidth  is  0.23  nm.  So  the  pulse  width  and  frequency  bandwidth  product 
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Figure  33:  (a):  mode  structure  of  the  semicondcutor  mode-locked  laser 
viewed  with  a  high-resolution  Fabry-Perot  optical  spectrum  analyzer;  ap¬ 
proximately  100  modes  are  visible  with  1  GHz  spacing,  (b):  a  zoom  view  in 
which  individual  modes  are  resolved. 
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is  0.43,  which  is  very  close  to  the  theoretical  value  of  0.441  for  a  Gaussian 
pulse  profile,  indicating  that  the  mode-locked  laser  output  pulse  is  very  close 
to  a  Gaussian  shape. 

5.3  Phase  noise  and  timing  jitter  of  actively  mode-locked 
laser 

For  many  applications  of  mode-locked  lasers,  the  timing  jitter  of  the  optical 
pulse  must  be  minimized.  For  example,  in  electro-optic  sampling,  optical 
analog-to-digital  conversion,  and  high  speed  digital  transmission,  the  pulse- 
to-pulse  timing  jitter  is  critically  important.  Since  the  phase  noise  and 
timing  jitter  are  closely  related  to  each  other,  phase  noise  between  1  kHz  to 
100  kHz  is  usually  important  since  the  averaging  times  are  typically  in  the 
range  of  milliseconds  for  most  of  measurements.  For  optical  communication 
systems,  the  long  term  stability  (>  1  second)  of  the  optical  pulse  becomes 
important  as  well. 

Due  to  the  importance  of  the  timing  jitter,  there  are  many  theoretical 
[12,  13]  [50]-[52]  and  experimental  [11]  [53]-[55]  references  on  this  topic.  In 
the  Photonic  Synthesizer,  because  we  use  the  mode-locked  laser  as  a  source 
to  generate  RF  signals,  the  phase  noise  of  the  mode-locked  laser  directly 
translates  to  the  phase  noise  of  the  resulting  RF  signal.  Our  goal  is  to 
minimize  any  phase  noise  degradation  due  to  the  mode-locked  laser. 

It  was  shown  [12]  that  the  resulting  RF  signal  generated  upon  photode¬ 
tection  of  the  optical  pulse  output  of  the  mode-locked  laser  may  be  written 
as 

N 

m  =  E  ex.p[—ju)R{mt  +  Jmit))],  (68) 

m=l 

where  Im  is  the  amplitude  of  the  RF  signal  at  frequency  rruvR,  where  u;r 
is  the  fundamental  frequency  of  the  mode-locked  laser  which  is  also  the  RF 
drive  frequency,  m  is  an  integer,  and  Jm{t)  is  ^  random  variable  representing 
the  timing  jitter.  The  relation  between  the  timing  jitter  and  the  phase  noise 
is 

(M) 

where  5<^ij(t)  is  a  random  variable  representing  the  phase  noise  of  the  RF 
driving  signal.  Here,  we  assume  that  the  mode-locked  laser  does  not  add 
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any  phase  noise  to  the  signal  above  the  RF  drive  signal  phase  noise.  The 
timing  jitter  power  spectral  density  of  the  m-th  RF  harmonic  is  then  ^ 

2 

777^ 

Sj„(!)  =  —Sr(S).  (70) 

where  Sfi{f)  is  the  phase  noise  power  spectral  density  of  the  input  RF  drive 
signal.  Eq.(70)  implies  that  the  RF  phase  noise  at  high  harmonics  is  the 
multiplied  phase  noise  of  the  fundamental  RF  drive  signal.  The  rms  pulse- 
to- pulse  timing  jitter  is  given  by 


/  9  /'/max 

trms  =  /  SR{f)df,  (71) 

V  ■''/min 

where  the  frequency  integration  limits  of  the  phase  noise  depend  on  the 
measurement  time  scale. 

The  timing  jitter  we  discussed  so  far  only  considers  the  RF  phase  noise 
of  the  driving  source.  In  addition,  the  mode-locked  laser  has  spontaneous 
emission  noise  which  will  add  to  the  overall  phase  noise.  The  added  noise 
also  strongly  depends  on  the  detuning  between  the  laser  cavity  and  the 
driving  RF  frequency,  which  we  will  discuss  next.  Technical  noise  sources 
such  as  DC  bias-current  fluctuations  and  vibrations  of  the  optical  mounts 
in  the  cavity  may  also  result  in  timing  fluctuations  that  exceed  the  value  of 
the  RF  drive  phase  noise,  but  these  may,  in  principle,  be  minimized  with 
careful  design. 

In  our  investigations  of  the  semiconductor  external-cavity  mode-locked 
laser,  we  observed  that  the  minimum  pulse  width  condition  did  not  yield 
the  lowest  phase  noise.  The  minimum  pulse  -width  of  15  ps  occurs  at  zero 
detuning  between  the  cavity  frequency  and  the  RF  driving  frequency.  For 
positive  detunings,  the  pulses  become  unstable  and  exhibit  large  timing 
jitter.  Interestingly,  when  the  detuning  is  slightly  negative,  about  -2  MHz, 
we  obtain  the  lowest  phase  noise,  and  the  timing  jitter  is  lowest.  However, 
at  -2  MHz  detuning,  the  pulse  is  slightly  broadened  to  about  22  ps.  Further 
detuning  the  cavity  to  the  negative  side  results  in  an  even  broader  pulse  with 
increasing  phase  noise,  and  the  pulse  eventually  becomes  asymmetrical  with 
a  slow  trailing  edge.  For  high  enough  negative  detuning,  the  mode-locking 
is  completely  destroyed. 

The  RF  spectrum  of  the  mode-locked  laser  output  at  1  GHz  is  shown 
in  Fig.  34  for  the  cases  of  zero  detuning  and  -2  MHz  detuning.  It  is  clear 
that  the  zero  detiming  case  yields  higher  noise  compared  with  the  -2  MHz 
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Figure  34:  Spectrum  analyzer  display  of  photodetected  RF  signal  from 
mode-locked  laser  at  1  GHz.  (a)  the  zero  detuning  case  yields  the  short¬ 
est  pulse  width,  but  larger  noise  side  bands  compared  with  (b)  the  -2  MHz 
detuning  case. 
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detuning  case.  Similar  conclusions  were  reported  in  [44],  in  which  numerical 
simulations  based  on  a  transmission-line  laser  model  agreed  well  with  obser¬ 
vations  of  large  cyclic  instabilities  in  the  pulse  amplitude  and  timing  when 
the  detuning  was  in  the  positive  range.  Their  experiments  and  numerical 
simulations  were  consistent  with  our  observations. 

An  heuristic  explanation  of  cyclic  instabilities  for  the  case  of  positive 
detuning  can  be  given  as  follows:  Because  the  RF  drive  frequency  is  larger 
than  the  cavity  resonance  frequency,  the  gain  within  the  laser  chip  peaks 
before  the  return  of  the  optical  pulse  from  the  external  cavity.  This  means 
that  the  growth  of  a  new  pulse,  preceding  the  returning  pulse,  is  favored 
by  the  chip  gain.  The  new  pulse  starts  from  spontaneous  emission  noise, 
and  grows  to  dominance  at  the  expense  of  the  old  pulse,  because  it  receives 
more  gain  per  round-trip.  This  process  causes  the  apparent  pulse  position 
to  jitter  in  time,  leading  to  the  observed  large  variations  in  the  pulse  shape 
and  amplitude.  These  variations  are  manifested  in  the  frequency  domain 
as  increased  amplitude  and  phase  noise  sidebands. 

For  slight  negative  detunings,  the  returning  pulse  reaches  the  chip  just 
before  the  gain  peaks.  In  this  case,  there  is  no  growth  of  new  pulses  from 
noise.  The  returning  pulse  is  regenerated  through  stimulated  emission,  so 
the  overall  pulse  timing  is  firmly  established  by  the  driving  RF  source  that 
modulates  the  chip  gain.  However,  because  the  RF  drive  is  off-frequency 
with  the  cavity  resonance,  fewer  optical  modes  are  phase-locked,  resulting 
in  increased  pulsewidth.  At  zero  detuning,  the  maximum  number  of  modes 
are  locked,  yielding  the  shortest  pulse  width,  but  the  uncertainty  in  the 
pulse  timing  is  increased. 

As  we  analyzed  in  a  previous  section,  the  linewidth  of  the  injection- 
locked  laser  will  be  the  same  as  the  master  laser  linewidth.  We  use  this 
fact  to  measure  the  linewidth  of  an  individual  mode  of  the  mode-locked 
laser  because  it  is  difficult  to  filter  out  an  individual  mode  using  passive 
filters.  To  investigate  this,  we  injection-locked  a  DFB  laser  to  one  mode 
of  the  mode-locked  laser,  and  measured  the  linewidth  of  the  locked  CW 
DFB  laser  using  a  self-homodyne  fiber  delay-line  setup.  We  obtained  some 
interesting  results:  At  zero  detuning,  we  obtain  the  minimum  pulse  width, 
but  the  linewidth  of  the  individual  mode  is  approximately  3  MHz.  At  -2  MHz 
negative  detuning,  we  obtain  minimum  phase  noise  in  the  RF  spectrum,  and 
the  linewidth  is  reduced  to  only  0.5  MHz.  We  believe  these  results  are  the 
first  direct  observation  of  the  linewidth  of  an  individual  mode  in  a  mode- 
locked  laser  and  its  dependence  on  detuning.  They  may  provide  additional 
information  for  the  further  modeling  of  the  mode- locked  laser. 

Phase  noise  measurements  were  performed  with  the  laser  adjusted  for 
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1  GHz  RF  Source 


Mode-Locked  Laser  Output,  1  GHz 


Figure  35:  (a)  Phase  noise  of  the  1  GHz  RF  drive  source  used  in  the  mode- 
locked  laser,  (b)  phase  noise  of  the  mode-locked  laser  output  at  1  GHz, 
showing  no  measurable  difference. 
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the  lowest  phase  noise  condition.  Fig.  35  shows  the  phase  noise  of  the 
mode-locked  laser  output  at  fundamental  frequency  1  GHz,  compared  to 
the  phase  noise  of  the  RF  driving  source.  These  phase  noise  measurements 
were  taken  using  the  HP  3048A  phase  noise  test  system.  The  phase  noise 
of  the  mode- locked  laser  is  virtually  the  same  as  the  RF  drive  phase  noise. 
This  validated  our  previous  assumptions  in  the  mathematical  treatment  of 
the  phase  noise  of  the  mode-locked  laser. 

Next,  we  performed  a  residual  phase  noise  measurement  for  the  mode- 
locked  laser,  illustrated  in  Fig.  36.  In  this  measurement,  the  1  GHz  output 
signal  from  the  mode-locked  laser  is  mixed  in  phase  quadrature  (90  degree 
phase  offset)  with  the  RF  drive  signal  in  a  phase  detector.  Since  the  RF 
driving  source  phase  noise  is  common-mode  on  both  phase  detector  ports,  it 
is  cancelled.  The  residual  noise  is  then  attributed  to  the  mode-locked  laser. 
The  residual  phase  noise  is  due  to  fundamental  laser  spontaneous  emission 
noise  and  other  technical  contributions  such  as  cavity  length  fluctuation, 
DC  bias  source  noise,  etc.  .  The  residual  phase  noise  is  relatively  constant 
from  frequency  offsets  of  10  Hz  to  100  kHz.  We  believe  that  this  is  due 
to  the  laser  spontaneous  emission  noise  because  this  noise  is  broadband 
and  its  contribution  in  this  frequency  range  is  approximately  constant.  At 
frequencies  close  to  the  carrier  from  10  Hz  to  1  Hz,  the  residual  phase  noise 
is  increasing.  Given  the  relatively  high  sensitivity  of  the  laser  to  alignment, 
this  low  frequency  noise  is  likely  due  to  laser  cavity  fluctuations  influenced 
by  the  environment  such  as  vibration,  temperature  changes,  etc. 

5.4  Photonic  Synthesizer  proof-of-concept  demonstration  us¬ 
ing  semiconductor  mode-locked  laser 

To  demonstrate  the  concept  of  the  Photonic  Synthesizer  on  the  optical 
bench,  we  used  the  semiconductor  mode- locked  laser  as  the  master  laser 
to  injection-lock  two  CW  DFB  lasers.  Fig.  37  illustrates  the  experimental 
configuration.  The  output  of  the  semiconductor  laser  was  boosted  to  14 
dBm  using  an  EDFA,  then  fed  into  the  Photonic  Synthesizer  section.  In¬ 
stead  of  using  circulators  to  direct  the  output  of  the  CW  DFB  lasers,  here 
we  simply  used  two  10/90  fiber-optic  couplers.  Two  mechanical  optical  at¬ 
tenuators  were  used  to  manually  control  the  injection  levels  to  the  DFBs. 
The  injection  power  levels  were  monitored  using  two  10%  optical  taps  and 
optical  power  meters.  The  EDFA  output  was  split  into  several  paths  for  con¬ 
tinuous  monitoring  of  the  mode-locked  laser  RF  spectrum,  optical  spectrum, 
pulse  profile,  and  mode  structure  during  the  experiment.  Since  the  EDFA 
was  constructed  using  non-polarization-maintaining  fiber,  the  polarization 
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Figure  36:  Residual  phase  noise  of  the  semiconductor  mode- locked  laser  at 
1  GHz  with  RF  driving  source  noise  cancelled. 

state  of  the  EDFA  output  was  undefined.  Polarization-control  paddles  (not 
shown  in  the  figure)  were  used  to  adjust  the  polarization  input  to  the  DFB 
lasers.  The  polarizing  optical  isolators  insured  that  the  light  injected  into 
the  DFB  lasers  was  linearly  polarized. 

The  two  DFB  laser  diodes  were  mounted  on  TO-5.6mm  submounts  at¬ 
tached  to  Peltier-cooler  mounts.  The  DFBs  were  coupled  into  PM  fibers 
using  commercially  available  laser-to-fiber  couplers  with  two  lenses  mounted 
on  XYZ  mechanical  mounts  with  adjustable  angle.  The  optical  coupling  effi¬ 
ciency  achieved  was  approximately  50%.  The  mode-locked  laser  was  injected 
into  the  two  slave  lasers  through  two  10/90  couplers.  Three  optical  isolators 
minimized  feedback  from  the  slave  lasers  to  the  mode-locked  laser.  The  main 
portions  of  the  slave  laser  outputs  were  directed  through  another  set  of  op¬ 
tical  isolators  before  combining  in  a  variable  polarization-maintaining  fiber 
coupler.  These  last  two  isolators  minimized  coupling  of  the  DFB  lasers  to 
each  other.  The  two  optical  paths  were  kept  as  equal  as  possible  to  minimize 
any  phase  noise-to-amplitude  noise  conversion  due  to  path  differences. 

A  high  speed  photodetector  was  used  to  detect  the  heterodyne  output 
signal  of  the  two  slave  lasers.  A  portion  of  the  combined  slave  laser  output 
was  directed  to  a  Supercavity  optical  spectrum  analyzer  to  verify  proper 
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Figure  37:  Block  diagram  of  bench  setup  used  for  Photonic  Synthesizer 
proof-of-concept  demonstration  using  semiconductor  external  cavity  mode- 
locked  laser. 
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locking  of  the  DFBs  to  the  modes  of  the  mode-locked  laser.  Two  laser 
diode  controllers  were  used  to  provide  tuning  of  the  DFB  laser  frequencies 
by  changing  the  chip  temperature  and  current.  The  laser  frequency  change 
with  temperature  was  approximately  15  GHz/°C,  and  approximately  100 
MHz/mA  for  current  tuning. 

The  two  slave  lasers  were  operated  at  approximately  100  mA.  The  syn¬ 
thesizer  optical  output  power  in  the  fiber  was  -t-10  dBm.  The  injected  mode- 
locked  laser  average  power  was  -13  dBm  to  -10  dBm.  The  peak  power  of  the 
pulse  was  -1-4  dBm  to  -1-7  dBm.  We  estimate  that  the  injected  power  of  each 
individual  mode  was  approximately  -26  dBm,  due  to  the  power  distribution 
across  the  optical  comb.  At  these  levels,  the  locking  range  was  much  less 
than  the  mode  spacing  of  1  GHz,  and  the  slave  lasers  were  therefore  in  the 
stable  operating  regime  for  injection-locking. 

The  heterodyne  output  signal  could  be  tuned  from  1  GHz  to  more  than 
50  GHz  in  steps  of  1  GHz.  Fig.  38  displays  two  examples  of  the  Pho¬ 
tonic  Synthesizer  detected  heterodyne  output  signal  at  1  GHz  and  at  47 
GHz.  Other  modes  of  the  mode-locked  laser  outside  the  injection-locking 
range  introduced  phase  modulation  to  the  injection-locked  lasers,  resulting 
in  sidemodes  that  are  about  -15  dB  or  lower  compared  with  the  desired  het¬ 
erodyne  signal.  Fig.  39  shows  a  detailed  view  of  these  two  signals  to  be  pure, 
clean  tones  with  low  phase  noise.  The  noise  at  high  frequency  increases  as 
compared  with  low  frequency  signal  as  expected  from  the  theoretical  anal¬ 
ysis. 

Unfortunately,  we  were  not  able  to  keep  the  locking  stable  long  enough 
to  perform  phase  noise  measurements  using  the  HP3048A  phase  noise  test 
system.  The  reason  was  due  to  the  cavity  length  fluctuation  of  the  mode- 
locked  laser,  which  caused  the  optical  comb  to  drift  in  the  frequency  domain. 
The  slave  lasers  quickly  lost  lock  in  a  matter  of  minutes  as  the  drift  was 
apparently  greater  than  the  locking  range.  To  stabilize  the  mode-locked 
laser  cavity  further  was  beyond  the  scope  of  this  research  project.  This 
points  out  that  future  research  on  the  Photonic  Synthesizer  should  include 
significant  effort  to  develop  stable,  robust,  and  smaller  mode-locked  lasers. 
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Figure  38:  Signals  generated  from  photonic  synthesizer  setup  using  the  semi¬ 
conductor  mode-locked  laser  as  master  laser,  (a)  1  GHz,  (b)  47  GHz. 
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Figure  39;  Zoom  view  of  Fig.  38.  (a)  1  GHz  signal,  (b)  47  GHz  signal 
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6  Photonic  Synthesizer  Experiments  Using  Fiber 
Mode-Locked  Laser 

While  the  semiconductor  mode-locked  laser  enabled  a  proof-of-concept  demon¬ 
stration  of  the  Photonic  Synthesizer  to  be  successfully  conducted,  it  has  sev¬ 
eral  major  drawbacks  for  this  application.  First,  it  was  constructed  using 
bulk  free-space  optical  components  and  large  mechanical  mounts,  so  it  was 
subject  to  sensitive  alignment  and  required  frequent  adjustment  to  maintain 
optimum  operation.  Second,  even  when  well-aligned,  the  cavity,  mirrors, 
and  gratings  were  very  susceptible  to  mechanical  vibrations  and  tempera¬ 
ture  fluctuations,  which  translated  to  added  noise  and  frequency  drift  of  the 
optical  comb,  making  injection-locking  possible  for  only  a  few  minutes  at  a 
time.  Third,  due  to  these  aspects,  it  would  seem  to  be  practically  impossible 
to  move  the  setup  from  an  optical  bench  and  package  it  into  a  standard  rack 
unit  and  still  maintain  alignment  during  shipping  and  handling.  In  short, 
it  was  not  a  practical  solution  beyond  the  proof-of-principle  demonstration. 
Since  our  further  goal  was  to  demonstrate  that  the  Photonic  Synthesizer 
could  be  used  in  practical  situations,  we  turned  our  attention  to  an  all-fiber 
approach  employing  an  actively  mode-locked  erbium  fiber  ring  laser.  This 
laser  has  improved  stability  compared  to  the  free-space  semiconductor  laser 
and  afforded  better  experimental  results.  However,  the  fiber  laser  is  still 
a  sensitive  instrument;  true  ruggedization  of  the  Photonic  Synthesizer  will 
require  further  development  effort  directed  toward  the  mode-locked  laser. 

6.1  Construction  and  performance  of  the  fiber  mode-locked 
laser 

Fiber  mode-locked  lasers,  both  actively  and  passively  locked,  have  attracted 
considerable  interest  recently  [56]- [66].  One  reason  is  that  the  fiber  mode- 
locked  laser,  combined  with  intrinsic  fiber  nonlinearities  such  as  self-phase- 
modulation,  can  yield  very  short  pulses  of  sub-picosecond  duration.  Mode- 
locked  erbium  fiber  lasers  can  produce  transform-limited  pulses  at  high  rep¬ 
etition  rates  with  wide  tunability  at  commercially-interesting  telecommu¬ 
nication  wavelengths.  They  are  also  useful  sources  for  high  speed  opti¬ 
cal  sampling  and  optical  signal  processing.  Using  harmonic  mode-locking 
techniques,  where  the  modulation  frequency  is  an  integral  multiple  of  the 
fundamental  laser  cavity  frequency,  picosecond  pulses  with  repetition  rates 
greater  than  20  GHz  have  been  obtained.  Fiber  mode-locked  lasers  have 
found  application  in  fiber  soliton  communication  experiments,  optical  clock 
distribution,  and  all-optical  switches. 
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Pump 


Figure  40:  Schematic  diagram  of  the  fiber  mode-locked  laser  used  in  the 
photonic  synthesizer  experiments. 


The  fiber  mode-locked  laser  was  supplied  by  Pritel,  Inc.  Fig.  40  shows 
the  schematic  diagram  of  the  fiber  mode-locked  laser.  It  consists  of  a  gain 
medium  of  Er-Yb  co-doped  polarization-maintaining  fiber,  a  high  power 
diode-pumped  solid-state  Nd:YLF  pump  laser,  and  a  high  speed  MZ-modulator. 
The  optical  isolator  is  used  to  insure  that  the  laser  operates  in  one  direction, 
a  tunable  filter  is  used  to  tune  the  laser  center  wavelength  to  the  desired 
value  within  the  erbium  gain  spectrum,  a  delay  line  is  precisely  cut  to  yield 
the  multiple  cavity  frequency  of  1  GHz,  and  a  mechanical  cavity  length  con¬ 
troller  is  used  to  manually  adjust  the  cavity  length  for  proper  mode-locking. 
The  fundamental  cavity  frequency  of  this  laser  is  approximately  10  MHz. 
The  optical  filter  has  bandwidth  of  0.8  nm.  The  laser  cavity  maintains  single 
polarization  through  the  use  of  polarization-maintaining  components.  An 
RF  amplifier  is  used  to  amplify  the  drive  signal  to  the  MZ-modulator.  The 
1  GHz  source  is  not  included  inside  the  laser  package  and  must  be  provided 
by  the  user.  In  this  case  we  used  the  1  GHz  source  as  described  in  Fig.  13. 

The  pump  laser  delivers  approximately  700  mW  at  1047  nm  to  the  am¬ 
plifier  gain  medium.  The  1550  nm  output  is  split  to  two  ports.  One  port 
has  polarization-maintaining  fiber  output  with  power  level  of  20  mW.  This 
output  is  used  in  the  Photonic  Synthesizer  to  provide  the  injection-locking 
signal  to  the  slave  lasers.  The  other  output  is  40  mW  and  is  used  to  mon¬ 
itor  the  performance  of  the  mode-locked  laser.  The  modulator  bias  and 
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Figure  41:  RF  spectrum  of  fiber  mode-locked  laser.  The  harmonic  amplitude 
roll-off  at  high  frequencies  is  largely  due  to  the  photodetector  frequency 
response  roll-off. 

cavity  length  require  careful  adjustment  to  yield  optimum  operation  with 
minimum  pulse  width  and  phase  noise.  Optimization  is  achieved  by  moni¬ 
toring  the  photodetected  RF  spectrum  and  adjusting  the  cavity  length  and 
modulator  bias  to  maximize  the  sidemode  suppression  and  minimize  the  RF 
noise  sidebands.  Autocorrelator  measurements  by  the  manufacturer  obtain 
pulse  widths  smaller  than  10  ps,  which  is  beyond  our  photodetector  -3dB 
bandwidth  of  45  GHz.  Fig.  41  displays  the  detected  RF  spectrum  using  our 
photodetector,  showing  RF  tones  from  1  GHz  to  50  GHz  in  1  GHz  steps. 
The  roll  off  at  high  frequencies  is  due  to  the  frequency  response  of  the  pho¬ 
todetector.  Compared  with  the  same  measurement  of  the  semiconductor 
mode- locked  laser  in  Fig.  32,  the  fiber  mode-locked  laser  has  much  broader 
spectrum,  indicating  a  shorter  pulse  width. 

Fig.  42  shows  the  phase  noise  of  the  fiber  mode-locked  laser  at  1  GHz, 
compared  with  the  phase  noise  of  the  driving  RF  source  at  1  GHz  (same  as 
displayed  in  Fig.  17).  The  phase  noise  of  the  fiber  mode-locked  laser  and 
its  driving  RF  source  are  the  same  for  frequencies  below  10  kHz.  At  offset 
frequencies  of  10  kHz  and  higher,  there  is  excess  broadband  amplitude  noise 
contribution  from  the  mode-locked  laser  and  RF  drive  and  post-detection 
amplifiers.  There  is  also  an  unidentified  noise  contribution  from  1  kHz  to 
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Figure  42:  (a)  Phase  noise  of  the  1  GHz  RF  source,  (b)  phase  noise  of  the 
fiber  mode-locked  laser  at  1  GHz. 
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Figure  43:  Residual  phase  noise  of  the  fiber  mode-locked  laser  at  1  GHz 
with  RF  driving  source  noise  cancelled. 

3  kHz  range  from  the  mode-locked  laser.  The  source  of  this  noise  may  be 
the  internal  DC  supplies  for  the  RF  amplifier  or  optical  modulator,  but 
could  not  be  conclusively  identified  due  to  limited  access  to  the  internal 
construction  of  the  mode-locked  laser.  In  Fig.  43,  we  plot  the  residual 
phase  noise  of  the  fiber  mode-locked  laser  in  which  the  1  GHz  driving  source 
phase  noise  has  been  cancelled  as  discussed  previously.  The  technical  noise 
in  the  range  of  1  kHz  to  3  kHz  is  clearly  visible,  but  the  remaining  noise 
floor  is  as  much  as  30  dB  lower  than  the  semiconductor  mode-locked  laser 
residual  noise  previously  plotted  in  Fig.  36.  This  is  the  basis  of  the  improved 
phase  noise  performance  of  the  Photonic  Synthesizer  using  the  fiber  vs. 
the  semiconductor  mode-locked  laser.  However,  this  does  not  imply  that  a 
semiconductor  mode-locked  laser  has  intrinsically  poorer  performance  than 
a  fiber  laser;  it  was  simply  beyond  the  scope  of  this  research  program  to 
develop  an  improved  semiconductor  mode-locked  laser. 

6.2  Performance  of  the  Photonic  Synthesizer  using  fiber  mode- 
locked  laser 

In  this  section  we  present  the  experimental  results  of  the  Photonic  Synthe¬ 
sizer  with  the  fiber  mode-locked  laser  as  the  source.  The  test  setup  was 
displayed  in  Fig.  18  and  discussed  previously.  The  setup  block  diagram  is 
repeated  again  in  Fig.  44.  The  experimental  setup  is  similar  to  that  used 
with  the  semiconductor  mode-locked  laser,  described  in  Section  71.  How- 


Figure  44:  Experimental  setup  of  the  photonic  synthesizer  using  the  fiber 
mode-locked  laser. 
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Figure  45:  Phase  noise  of  the  photonic  synthesizer  at  18  GHz  using  the  fiber 
mode-locked  laser.  The  signal  is  down-converted  to  600  MHz  and  measured 
using  the  HP3048A  phase  noise  test  system. 

ever,  in  this  case,  optical  circulators  were  used  to  couple  power  into  and  out 
of  the  slave  lasers  instead  of  the  10%  couplers.  This  improved  the  optical 
output  power  and  the  optical  isolation  of  the  slave  lasers. 

The  tuning  strategy  was  described  previously  in  Section  71.  We  were 
able  to  tune  the  Photonic  Synthesizer  from  1  GHz  to  approximately  100 
GHz  in  1  GHz  steps.  However,  due  to  the  bandwidth  limitation  of  our 
photodetector  to  approximately  50  GHz,  we  are  not  able  to  directly  detect 
signal  higher  than  50  GHz. 

The  Photonic  Synthesizer  phase  noise  was  directly  measured  at  frequen¬ 
cies  from  1  GHz  to  50  GHz,  which  was  the  upper  frequency  limitation  of  the 
measurement  system.  Fig.  45  shows  an  example  of  Photonic  Synthesizer 
phase  noise  at  18  GHz  measured  using  the  HP3048  phase  noise  test  setup. 
At  10  kHz  offset,  the  phase  noise  is  -108  dBc/Hz,  which  is  approximately 
10  dB  higher  than  the  theoretical  prediction  of  Eq.  66  displayed  in  Fig. 
28  for  the  case  of  500  MHz  locking  bandwidth.  It  could  be  the  case  that 
the  locking  bandwidth  was  actually  less  in  this  measurement,  resulting  in 
a  higher  value  of  residual  phase  noise  that  would  explain  the  discrepancy. 
Regardless,  these  measurements  demonstrate  that  the  Photonic  Synthesizer 
is  capable  of  generating  ultra- wide  bandwidth  signals  from  1  GHz  to  50  GHz 
and  beyond,  with  phase  noise  performance  in  reasonable  agreement  with  the 
theoretical  model.  This  validates  the  use  of  the  theoretical  model  we  have 
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Figure  46:  Millimeter  wave  signal  at  50  GHz,  (a)  signal  generated  from 
photonic  synthesizer,  (b)  signal  obtained  from  HP  83650L  synthesizer. 


80 


-70 


Figure  47:  Comparison  of  RF  phase  noise  at  10  kHz  offset  from  carrier 
at  different  frequencies  for:  photonic  synthesizer,  HP  83650L  commercial 
synthesizer,  fiber  mode-locked  laser,  and  RF  driving  source.  The  RF  source 
phase  noise  plot  at  frequencies  >  1  GHz  was  calculated  from  the  1  GHz  data 
according  to  the  theoretical  multiplication  formula  201og(n). 


developed  as  a  design  aid  to  predict  and  optimize  the  Photonic  Synthesizer 
performance. 

For  the  purposes  of  comparison,  we  also  performed  phase  noise  mea¬ 
surements  on  a  Hewlett-Packard  HP83650L  synthesizer  which  is  tunable 
from  10  MHz  to  50  GHz,  and  represents  the  commercial  state-of-the-art  for 
wideband  signal  synthesizers.  Fig.  46  shows  the  50  GHz  output  from  the 
Photonic  Synthesizer  compared  to  the  HP  83650L  synthesizer,  showing  that 
the  Photonic  Synthesizer  yields  lower  noise.  In  this  case,  the  noise  at  10 
kHz  offset  from  the  carrier  is  -93  dBc/Hz  for  the  Photonic  Synthesizer,  and 
-76  dBc/Hz  for  the  HP83650L  synthesizer,  or  about  17  dB  higher. 

The  phase  noise  was  measured  for  the  fiber  mode-locked  laser,  Photonic 
Synthesizer,  and  HP  83650L  synthesizer  at  frequencies  of  1  GHz,  10  GHz, 
20  GHz,  30  GHz,  40  GHz,  and  50  GHz.  Fig.  47  summarizes  the  phase 
noise  results  for  these  sources  at  10  kHz  offset  from  the  carrier.  The  results 
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indicate  that  the  Photonic  Synthesizer  has  at  least  15  dB  lower  phase  noise 
compared  with  HP  83650L  over  the  range  of  1  GHz  to  50  GHz.  The 
Photonic  Synthesizer  follows  the  phase  noise  of  the  fiber  mode-locked  laser 
at  frequencies  of  30  GHz  and  higher,  as  expected.  The  Photonic  Synthesizer 
exhibited  excess  phase  noise  at  lower  frequencies  relative  to  the  fiber  mode- 
locked  laser.  For  frequencies  less  than  20  GHz,  the  measured  phase  noise 
of  the  Photonic  Synthesizer  was  approximately  constant  in  the  range  of  - 
105  to  -108  dBc/Hz.  A  constant  residual  phase  noise  floor  versus  carrier 
frequency  is  predicted  by  the  theory  in  Eq.  66,  and  plotted  in  Fig.  29. 
We  also  plot  the  ideal  multiplied  phase  noise  from  the  RF  driving  source 
at  1  GHz  according  to  the  formula  201og;^o^)  where  n  is  the  multiplication 
factor,  which  represents  the  lower  limit  to  phase  noise  performance.  The 
measured  Photonic  Synthesizer  performance  was  approximately  10  dB  worse 
that  predicted  by  Eq.  66  and  plotted  in  Fig.  29.  This  discrepancy  may  be 
due  to  incorrect  assumptions  made  in  the  theoretical  analysis,  due  to  the 
difficulty  of  quantifying  exactly  parameters  such  as  the  detuning  and  locking 
range  of  the  lasers,  etc.  Resolution  of  this  discrepancy  was  beyond  the  scope 
of  this  research  program,  and  would  be  a  logical  topic  to  address  in  future 
research.  However,  given  the  complexity  of  the  system  and  the  multiple 
possibilities  for  extraneous  noise  sources  to  degrade  the  performance,  the 
agreement  between  theory  and  experiment  was  quite  reasonable  and  serves 
to  validate  the  Photonic  Synthesizer  concept  as  a  means  of  producing  widely 
tunable,  low  phase  noise  signals. 
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Figure  48:  Block  diagram  of  photonic  down-converter  experiment  using  pho¬ 
tonic  synthesizer.  The  injection-locked  slave  lasers  with  frequency  seperation 
Jlo  are  modulated  using  a  high-speed  MZ-modulator  by  input  signal  fre¬ 
quency  Jrf',  the  photodetected  output  is  the  down-converted  input  signal 
at  intermediate  frequency  fip  =  fhO—  Irf- 

7  Millimeter- wave  Photonic  Frequency  Conversion 

Using  Photonic  Synthesizer 

In  this  Section,  we  demonstrate  an  application  of  the  Photonic  Synthesizer 
as  the  optical  local  oscillator  in  a  millimeter-wave  photonic  down-converter. 

Photonic  down-conversion  eliminates  the  electronic  mixer  to  convert 
millimeter-wave  signals  directly  to  lower  frequency  RF  signals  in  one  step. 
This  has  potential  applications  in  antenna  applications  and  high  frequency 
analog  transmission  [4]- [8].  Photonic  downconversion  can  also  be  realized 
by  using  cascaded  optical  modulators  [6], [7].  In  the  cascaded  modulator 
scheme,  a  high  frequency  mm- wave  signal  is  needed  to  provide  the  local  os¬ 
cillator  (LO)  signal  in  order  to  downconvert  the  input  (RF)  signal  to  the 
desired  intermediate  frequency  (IF)  signal.  By  using  the  Photonic  Synthe¬ 
sizer  as  the  optical  LO  source,  the  need  for  the  high  frequency  mm-wave 
signal  and  second  optical  modulator  to  generate  the  LO  is  eliminated,  so 
only  one  high-frequency  modulator  is  required.  The  Photonic  Synthesizer 
provides  an  ideal  source  for  the  optical  LO  signal  that  is  phase-coherent  with 
a  low-frequency  reference  oscillator. 

Fig.  48  illustrates  the  principle  of  photonic  downconversion  using  the 
Photonic  Synthesizer  in  the  optical  frequency  domain.  The  two  heterodyned 
lasers  (laser  #1  and  laser  #2)  from  the  Photonic  Synthesizer  with  frequency 
separation  of  fio  form  the  optical  LO  signal,  which  is  passed  through  a 
high  speed  MZ-modulator.  The  optical  LO  signal  is  then  modulated  by 
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Figure  49:  Block  diagram  of  photonic  down-converter  experiment  using  pho¬ 
tonic  synthesizer  as  the  optical  local  oscillator,  and  a  wideband  50  GHz  op¬ 
tical  modulator  as  the  photonic  mixer.  The  input  signal  is  generated  by 
the  HP83650L  synthesizer. 


the  RF  input  signal  at  frequency  /hf-  The  modulation  process  produces 
two  optical  sidebands  on  each  of  the  DFB  laser  frequencies  at  ±/hf-  Upon 
photodetection,  the  upper  modulation  sideband  of  laser  #1  beats  with  the 
carrier  of  laser  #2  to  generate  the  downconverted  signal  at  frequency  fip  = 
fio  —  Irf]  the  same  is  true  for  the  lower  modulation  sideband  of  laser  #2 
beating  with  the  carrier  of  laser  #1.  By  low-pass  filtering  the  photodetector 
output,  the  higher  frequency  products  at  fw,  fnF,  fio  +  /ff,  etc.  are 
filtered  out.  Note  that  the  photodiode  need  only  respond  to  frequencies  up 
to  //F,  which  may  be  at  baseband,  although  the  input  signal  is  a  millimeter- 
wave  frequency. 

Fig.  49  illustrates  the  experimental  setup  used  to  demonstrate  mm- 
wave  photonic  downconversion.  The  output  of  the  Photonic  Synthesizer  is 
launched  into  a  high  speed  MZ-modulator  [67]  that  had  -3  dB  bandwidth 
of  approximately  45  GHz.  The  HP83650L  synthesizer  was  used  as  the  RF 
source;  its  output  was  amplified  to  provide  enough  modulation  index  for  the 
MZ-modulator.  The  output  frequency  of  the  HP  synthesizer  was  maintained 
at  49.5  GHz.  The  optical  output  of  the  modulator  was  detected  using  a  high 
speed  photodiode,  followed  by  a  broadband  RF  amplifier,  then  displayed  on 
a  10  MHz  to  50  GHz  RF  spectrum  analyzer.  The  RF  output  at  49.5  GHz 
from  the  photodiode  was  -33  dBm  after  the  amplifier. 

With  the  Photonic  Synthesizer  tuned  to  50  GHz,  a  0.5  GHz  IF  signal  is 
generated  with  output  power  of -36.3  dBm,  which  is  only  3.3  dB  less  than  the 
detected  RF  signal  at  49.5  GHz.  The  phase  noise  of  the  IF  signal  at  0.5  GHz 
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Carrier  Frequency  (GHz) 


Figure  50:  Photonic  synthesizer  phase  noise  including  the  phase  noise  mea¬ 
surements  at  high  frequencies  of  60  GHz,  70  GHz,  and  94  GHz.  The  phase 
noise  is  dominated  by  the  HP  83650L  synthesizer  which  is  used  as  the  input 
signal  source  for  the  downconverter  experiments.  The  dashed  line  is  the 
predicted  phase  noise  of  the  photonic  synthesizer  based  on  the  phase  noise 
at  50  GHz  and  extended  using  the  ideal  201og(n)  formula. 
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was  -77  dBc/Hz  at  10  kHz  offset.  This  phase  noise  was  equal  to  the  phase 
noise  of  the  HP83650L  synthesizer  phase  noise  for  49.5  GHz  carrier.  From 
previous  experiments,  we  know  that  the  Photonic  Synthesizer  phase  noise  is 
-95  dBc/Hz  at  50  GHz,  therefore,  the  IF  signal  phase  noise  is  dominated  by 
the  HP83650L  synthesizer.  To  demonstrate  wideband  optical  frequency  con¬ 
version,  the  Photonic  Synthesizer  was  then  tuned  to  frequencies  of  60  GHz, 
70  GHz,  and  94  GHz,  resulting  in  IF  signals  at  10.5  GHz,  20.5  GHz,  and 
43.5  GHz,  respectively.  The  phase  noise  measurements  at  these  frequencies 
are  about  the  same,  around  -76  dBc/Hz,  again  confirming  our  expectation 
that  the  IF  phase  noise  is  dominated  by  the  HP  synthesizer  rather  than  by 
the  Photonic  Synthesizer.  Fig.  50  displays  the  phase  noise  measurements 
for  the  Photonic  Synthesizer  from  1  GHz  to  94  GHz.  The  dashed  line  after 
50  GHz  indicates  the  likely  phase  noise  of  the  Photonic  Synthesizer  based 
on  a  201ogion  extrapolation  of  the  phase  noise  measurement  at  50  GHz. 
This  indicates  that  the  high  phase  noise  above  50  GHz  measured  using  the 
downconverter  method  was  limited  by  HP83650L  synthesizer. 

These  experiments  demonstrate  the  capability  of  photonic  downconver- 
sion  as  an  extremely  wideband  signal  processing  technique,  and  the  useful¬ 
ness  of  the  Photonic  Synthesizer  as  an  enabling  technology  to  realize  ultra- 
wideband  signal  generation,  distribution,  and  processing  in  optical  fiber  sys¬ 
tems. 
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8  Summary  and  Conclusions 

A  Photonic  Synthesizer  based  on  the  heterodyne  combination  of  two  DFB 
lasers  injection-locked  to  an  actively  mode-locked  laser  was  studied  theoret¬ 
ically  and  experimentally.  Low  phase  noise  RF,  microwave,  and  millimeter- 
wave  signals  were  generated  using  the  Photonic  Synthesizer  from  1  GHz  to 
94  GHz  in  1  GHz  steps.  The  phase  noise  of  the  synthesizer  at  50  GHz  was 
less  than  -95  dBc/Hz  at  10  kHz  offset  from  the  carrier,  which  is  more  than 
17  dB  lower  than  the  phase  noise  of  state-of-the  art  commercial  frequency 
synthesizers  at  this  frequency. 

We  performed  a  detailed  theoretical  analysis  of  injection- locking  of  semi¬ 
conductor  DFB  lasers.  The  injection-locking  range  and  stability  analysis 
were  reviewed,  and  our  experiments  agreed  well  with  the  theoretical  results. 
The  phase  noise  of  the  injection-locking  was  also  studied  in  detail,  and  its 
relation  to  injection-locking  range,  detuning,  and  laser  linewidth  were  ana¬ 
lyzed.  We  derived  the  residual  phase  noise  of  the  Photonic  Synthesizer  which 
predicts  the  fundamental  limitation  of  the  phase  noise  for  this  system. 

We  constructed  an  optical  bench  system  using  a  combination  of  free- 
space  optics  and  optical  fiber-coupled  components,  and  used  it  to  demon¬ 
strate  the  proof-of-concept  of  the  Photonic  Synthesizer.  The  results  obtained 
with  the  optical  bench  system  were  used  to  aid  the  design  and  construction 
of  the  final  deliverable  Photonic  Synthesizer,  which  was  realized  using  all 
fiber-coupled  components. 

The  final  deliverable  Photonic  Synthesizer  was  packaged  in  a  19”  rack 
with  temperature  stabilization  for  the  critical  optical  components.  Control 
software  to  tune  the  synthesizer  was  written  using  LabView  running  on  a 
laptop  PC  that  is  an  integral  part  of  the  synthesizer  system.  We  performed 
experiments  using  the  Photonic  Synthesizer  and  obtained  high  quality  tun¬ 
able  RF  signals  from  1  GHz  to  94  GHz. 

A  diagnostic  system  was  also  constructed  using  a  Newport  Supercavity 
optical  spectrum  analyzer  to  monitor  the  mode-locked  laser  and  Photonic 
Synthesizer  performance,  and  as  a  tool  to  aid  in  the  tuning  of  the  Photonic 
Synthesizer.  A  low  phase  noise  1  GHz  RF  source  was  constructed  and  used 
as  the  reference  signal  for  the  actively  mode-locked  laser. 

We  spent  considerable  effort  to  build  a  semiconductor  mode-locked  laser 
in  cooperation  with  Sarnoff  Research  Center.  In  designing  the  setup  of  this 
laser,  we  studied  the  characteristics  of  semiconductor  mode-locked  laser, 
the  locking  range,  pulse  profile,  and  phase  noise.  We  were  able  to  mea¬ 
sure  the  linewidth  of  individual  modes  of  the  optical  comb  of  a  mode-locked 
laser,  for  the  first  time  to  our  knowledge,  using  the  injection-locking  tech- 
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nique.  The  results  provide  some  interesting  insight  regarding  semiconductor 
mode-locked  laser  behavior.  Improved  performance  was  obtained  using  an 
Er:Yb  fiber  mode-locked  laser  (Pritel,  Inc.)  that  had  lower  phase  noise 
and  higher  output  power.  Finally,  we  demonstrated  an  application  of  the 
Photonic  Synthesizer  as  the  optical  local  oscillator  in  a  millimeter-wave  pho¬ 
tonic  frequency-converting  link  for  RF  signals  over  the  frequency  range  from 
1  GHz  to  94  GHz. 

The  results  of  this  research  project  validate  experimentally  and  theo¬ 
retically  the  Photonic  Synthesizer  concept.  The  mode-locked  laser  proves 
to  be  the  most  important  subsystem  in  the  Photonic  Synthesizer.  In  order 
to  build  a  robust,  small,  and  less-expensive  Photonic  Synthesizer,  a  small, 
reliable,  and  robust  mode-locked  laser  is  needed.  Future  research  should  be 
directed  to  designing  and  constructing  such  a  laser,  and  to  miniaturizing  the 
Photonic  Synthesizer  optical  circuitry.  The  Photonic  Synthesizer  may  find 
many  potential  applications  in  antenna  systems,  RF  signal  distribution,  and 
RF  analog  signal  processing. 
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Defense  Advanced  Research  Projects  Agency 

decibel,  unit  expressing  the  ratio  between  two  amounts,  for  power  dB^lO  logio(P|/P2) 
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actually  (ND:LiYF4)  Neodymium:  Lithium  Yttrium  Fluoride 
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nanometer  (1x10®  Meter) 

optical  integrated  circuit 

phase-locked  loop 

polarization-maintaining 
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Power  Spectral  Density 
phase  shift  keying 
relative  intensity  noise 
radio  frequency 

Space  and  Navel  Warfare  Systems  Command 
Society  of  Photo-Optical  Instrumentation  Engineers 
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thermoelectric  cooler 
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